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2400.VOLT  RAILWAY  ELECTRIFICATION 


BY   H.    M.    HOBART 


The  employment  of  electricity  as  the  motive  power  for  sections 
of  railway  on  which  a  dense  service  is  maintained  has  long  since 
been  demonstrated  to  be  desirable  from  many  standpoints.  For 
such  undertakings  it  is  a  point  of  relatively  minor  consequence 
whether  the  railway  provides  its  own  power  house  or  purchases 
its  electricity  from  independent  undertakings.  In  the  former 
case  the  capital  outlay  involved  in  carrying  through  the  electri- 
fication is  increased,  but  the  total  of  the  annual  capital  and  opera- 
ting costs  is  rarely  much  affected  by  the  choice  between  these  two 
plans.  It  requires  a  careful  consideration  of  each  specific  case 
to  determine  which  of  the  two  policies  will  lead  to  the  most 
economical  result.  The  difference  will  usually  be  so  slight  as  to 
involve  no  wide-reaching  consequences. 

Nevertheless,  on  the  broad  principle  that  specialization  and 
concentration  are  usually  in  the  interests  of  true  economy,  the 
general  recommendation  can  be  made  that  in  cases  where  no  ob- 
vious considerable  advantage  accrues  to  the  railway  from  owning 
the  electricity-generating  plant,  and  where  satisfactory  terms 
can  be  obtained  from  an  independent  electricity-supply  company, 
it  is  on  the  whole  desirable  to  purchase  the  electricity,  leaving 
the  railway  company  to  concentrate  the  abilities  of  its  engineers 
on  the  immediate  problems  of  railway  operation.  Usually  the 
independent  electricity-supply  company  should  be  able  to  provide 
the  electricity  at  an  attractive  price  for  the  reason  that  the 
annual  consumption  will  usually  be  quite  an  addition  to  its 
lighting  and  miscellaneous  power  load  and  for  the  further  and 
important  reason  that  the  time-distribution  of  the  railway  load 
will  usually  be  such  as  slightly  to  improve  the  total  load  factor 
at  the  generating  station.    These  points  have  been  emphasized 
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in  a  paper  entitled    The  Relation  of  Central  Station   Generation 
to  Railway  Electrifya^otit  presented  by  Mr.  Samuel  Insull  before 
the  American  Insti€utc«bf  Electrical  Engineers  on  April  5, 1912. 
There  are,  how^verVother  classes  of  railway  traffic  where  it  would 
be  a  great  an^i-pften  a  hopeless  handicap  to  the  project  were  the 
railway  to  pfpy&ie  its  own  power  house  for  the  supply  of  electri- 
city.   Th^Sft^ classes  of  traffic  are,  nevertheless,  of  great  impor- 
tance.^ •.TKfiy  consist  in  relatively  sparse  services  of  high-powered 
trains/'-lVhen  the  load  represented  by  such  traffic  can  be  supplied 
tfejn  tlie  same  generating  stations  which  supply  power  for  a 
.  d^nje  urban  and  suburban  service,  its  sparse  character  presents 
/••^©"special  disadvantage.     But  for  other  sections  where  the  traffic 
•/••consists  chiefly  or  exclusively  of  only  a  few  (say  eight  or  ten)  high- 
•     powered  trains  passing  daily  in  each  direction,  a  power  station 
built  and  operated  for  the  exclusive  purposes  of  this  sparse  traffic, 
could  only  provide  the  required  electricity  at  a  cost  very  much 
in  excess  of  the  price  at  which  it  could  be  purchased  from  stations 
already  suppljdng  a  large  quantity  of  electricity  for  lighting  and 
power  purposes. 

It  is  only  during  the  last  few  years  that  the  growth  of  the  elec- 
tricity generating  and  supply  business  has  increased  to  the  enor- 
mous extent  to  justify  the  statement  that  it  already  forms  a 
fair  approach  to  a  complete  network  throughout  most  of  the  mod- 
erately-settled sections  of  this  country.  It  has  thus  come 
about  that  in  estimating  upon  the  electrification  of  many  impor- 
tant sections  of  railway  where  the  traffic  consists  of  relatively 
few  high-powered  trains  per  day,  the  estimates  can  be  based 
upon  the  purchase  of  electricity  from  some  large  electricity- 
supply  station  to  which  the  additional  load  will  be  so  welcome 
with  respect  to  the  increase  which  it  effects  in  the  quantity  of 
electricity  to  be  manufactured  annually,  that,  notwithstanding 
the  irregular  nature  of  the  load,  the  electricity  can  be  supplied 
to  the  railway  at  a  very  moderate  price.  In  a  later  section  of 
this  paper,  allusion  will  be  made  to  further  reasons  contributing 
to  this  result. 

Present   Position 

The  upshot  of  this  altered  state  of  affairs  is  that  propositions 
which,  only  a  few  years  ago,  must  inevitably  have  been  dismissed 
as  not  within  the  economic  range  for  electrification  may  now  be 
demonstrated  to  be  highly  attractive  and  from  all  standpoints 
commercially  reasonable.  By  working  out  in  this  paper  a  few 
simple  comparisons,  attention  will  be  drawn  to  the  leading  facts 
which  must  be  taken  into  consideration  in  such  estimates.    No 
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attempt  will  be  made  to  work  out  detailed  quantitative  estimates : 
on  the  contrary,  the  only  quantitative  data  put  forward  in  the 
paper  will  be  of  a  kind  to  indicate  tendencies  and  to  draw  atten- 
tion to  the  general  order  of  magnitude  of  the  corresponding  costs 
for  steam  and  electric  operation.  The  investigation  will  be  con- 
fined exclusively  to  traffic  of  the  nature  indicated,  namely,  high- 
powered  freight  and  express-passenger  trains,  as  it  is  for  this 
class  of  traffic  that  it  has  tmtil  recently  been  considered  that 
steam  locomotive  methods  possess  inherent  characteristics  of 
an  economic  nature  which  could  not  be  rivalled  by  alternatives 
in  which  electric  locomotives  are  employed. 

Let  us  first  consider  a  case  where  it  would  naturally  be  claimed 
that  the  steam  locomotive  would  be  most  strongly  entrenched; 
namely,  an  express  passenger  service.  It  is  not  asserted  that  the 
results  of  the  estimates  which  will  be  put  forward  are  necessarily 
inconsistent  with  the  above  claim,  but  rather  it  is  intended  to 
point  out  that,  even  in  so  extreme  an  instance,  there  are  attrac- 
tive possibilities  in  the  electric-locomotive  alternative. 

Express  Passenger  Service 
An  express  locomotive  hauling  a  passenger  train  on  any  one  of 
our  Eastern  railways  will  in  actual  service  bum  at  least  3.5  pounds 
of  good  coal  per  indicated  horse  power  hour.  As  a  representative 
train  we  may  take  for  example  a  Pacific-type  locomotive  weighing, 
complete,  185  tons^  and  hauling  10  modem  Pullman  coaches  con- 
structed of  steel  and  weighing  75  tons  each.  There  is  thus  an 
aggregate  weight  of  10  X  75  =  750  tons  behind  the  locomotive. 
Of  the  total  locomotive  weight  of  185  tons,  the  tender  accounts 
for  no  less  than  70  tons.  Even  of  the  remaining  115  tons  only 
.  85  tons  is  carried  on  the  three  driving  axles,  or  57,000  pounds  per 
axle.  On  the  basis  of  a  coefficient  of  adhesion  of  0.20,  the  loco- 
motive can  exert  a  tractive  effort  of 

0.20  X  85  X  2000  =  34,000  lb. 

before  slipping  the  wheels.  For  the  usual  requirements  of  an 
express  passenger  service,  this  limit  will  rarely  be  approached. 
The  total  train  weight  amounts  to 

185  +  750  =  935  tons 

Typical  of  the  service  of  such  trains  is  the  making  of  non-stop 
runs  of,  say,  100  miles  in  two  hours.    This  corresponds  to  an 

1.  The  20(K)-lb.  ton  (-0.9  metric  ton)  is  employed  throughout  this 
paper.  .,y, ,...  uy  GoOgk 
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average,  speed  of  50  miles  per  hour.  In  the  course  of  this  100-mile 
run,  maximum  speeds  of  over  60  miles  per  hour  will  be  attained. 
The  average  tractive  effort,  taking  into  account  the  variations 
in  speed,  and  assuming  representative  track  conditions  as  regards 
curves,  grades,  and  weight  and  condition  of  rail,  for  a  train  of 
this  composition,  will  be  roughly  9  lb.  per  ton. 
The  total  tractive  resistance  will  be 

9  X  185  +  9  X  750  =  1670*  +  6750  =  8420  lb. 

On  the  basis  of  an  efficiency  of  85  per  cent  from  the  cylinders 
to  the  crank-pins,  the  power  required,  averaged  over  the  journey, 
will  be 

50  X  5280  X  8420     _  ,«^^  . , 
60X33,000X0.85  ""  ^^^Oi.h.p. 

On  the  basis  of  an  average  consumption  of  3.5  lb.  of  coal 
per  i.h.p-hr.,  there  will  be  burned  during  the  journey 

2  X  1320  X  3.5  =  9240  lb.  of  coal 
or  4620  lb.  per  hour. 

This  quantity  is  based  on  the  use  of  coal  of  a  calorific  value  of 
some  14,000  B.t.u.  per  poimd.  Since  1  h.p-hr.  =  2545  B.t.u.,  we 
may  express  the  calorific  value  of  the  coal  as 

^^^  =  5.50  h.p-hr.  per  lb. 

The  energy  in  the  coal  burned  on  the  jotimey  amoimts  to 
9240  X  5.50  =  50,800  h.p-hr. 

The  energy  output  from  the  cylinders  is 

2  X  1320  «  2640  i.h.p-hr. 

Consequently  the  "  journey  "  efficiency  from  the  coal  to  the 
cylinders  is 

2640  X   100 


50,800 


5.20  per  cent. 


It  is  highly  *  improbable   that   this   "  journey  "  efficiency  is 
ever  exceeded  in  routine  steam  locomotive  haulage. 

•  Throughout  this  paper  the  accuracy  is  limited  to  three  significant 
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In  accordance  with  our  assumption  of  85  per  cent  for  the 
eflSdency  from  the  cylinders  to  the  crank-pins,  we  obtain  for 
the  "  journey  "  efficiency,  from  the  coal  to  the  crank  pins, 

5.20  X  0.85  =  4.41  percent 

But  a  considerable  portion  of  the  energy  delivered  at  the  crank- 
pins  is  consumed  in  propelling  the  locomotive  itself.  Of  the  total 
tractive  effort  of  8420  lb.,  no  less  than  1670  lb.  is  required  for  the 
locomotive,  and  only  6750  lb.  remains  available  for  propelling 
the  train  behind  the  drawbar.  Consequently  the  "  journey  " 
efficiency  from  the  coal  to  the  drawbar  is  only 

6750 

gj^A  X  4.41  =  3.53  percent 

It  must  furthermore  be  pointed  out  that  coal  is  burned  waste- 
fully  in  firing  up  before  the  journey  and  also  for  a  considerable 
time  after  the  journey. 

For  the  case  in  hand  a  fair  value  to  assign  to  the  aggregate  of 
these  two  components  is  3000  lb. 

There  must  consequently  be  debited  to  the  100-mile  joimiey 
a  gross  coal  consumption  of 

9240  +  3000  =  12,2401b. 

This  reduces  the  net  efficiency  from  the  coal  to  the  drawbar  to 

9240 
12  240  ^  ^'^^  ^  2.65  per  cent 


Thus  per  drawbar  h.p-hr.  we  require  to  bum 
5.20 


2.65 


X3.5  =  6.86  lb.  of  coal. 


Now  let  us  consider  the  hypothetical  case  of  an  electric  loco- 
motive hauling  these  10  Pullman  coaches  over  the  same  distance 
in  the  same  time. 

In  order  to  provide  equal  margins  as  regards  starting,  accelerat- 
ing, ascending  grades,  and  operation  at  high  speeds,  we  must, 
so  far  as  relates  to  the  provision  of  the  same  drawbar  pull, 
arrange  for  the  same  weight  on  drivers  per  ton  total  weight  of 
train.    The  steam  locomotive  had  a  weight  of  85  tons  on  drivei 
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and  the  complete  train  weighed  935  tons.  If  the  electric  loco- 
motive were  built  with  the  entire  weight  on  drivers,  then  if  by  PT 
we  designate  its  weight,  and  remembering  that  the  weight  of  the 
10  Pullman  coaches  is  750  tons,  we  should  have  the  relation 

W^:85  =  (W^+750)  :  935 
Whence  W  =  75  tons 

While  we  thus  see  that  a  75-ton  electric  locomotive  provides 
the  required  capacity,  it  is  necessary,  in  the  interests  of  ensuring 
smooth  running  at  high  speeds,  to  provide  guiding  trucks  at  each 
end.* 

Fifteen  tons  is  an  approximate  figure  for  the  weight  of  each 
of  these  guiding  trucks.  The  correct  method  of  arriving  at  W, 
the  weight  of  the  locomotive,  when,  as  in  the  present  instance, 
the  speed  is  such  as  to  require  two  15-ton  guiding  trucks,  is  as 
follows : 

(W  -  30)  :  85  =  (PF  +  750)  :  935 
Whence  W  =  108  tons 

The  weight  on  drivers  is 

108  -  30  =  78  tons 

As  now  modified,  we  may  take  the  complete  weight  of  the  elec- 
tric locomotive  as  108  tons,  of  which  78  tons  is  on  drivers.  For 
the  electric  equivalent  of  our  typical  steam  train  we  thus  have 
a  train  with  a  total  weight  of 

108  +  750  =  858  tons 

as  compared  with  the  weight  of 

185  +  750  =  935  tons 

for  the  steam  train. 

For  the  electrically  propelled  train  the  average  tractive  effort 
for  the  journey  is 

9  X  108  +  9  X  750  =  972  +  6750  =  7722  lb. 

2.  For  locomotives  whose  maximum  speed  is  less  than  45  miles  per 
hour,  no  wheels  in  addition  to  the  drivers  need  be  provided.  The  great 
advantage  of  the  electric  locomotive  of  providing  double-end  operation, 
is,  for  high  speeds,  only  secured  at  the  cost  of  providing  two  bogie  trucks, 
one  at  each  end.  One  of  the  bogie  trucks  places  it  on  a  par  with  the  steam 
locomotive,  in  respect  to  single-end  operation;  the  other  truck  endows  it 
with  the  great  advantage  of  double-end  operation. 
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The  average  power  reqiiired  at  the  rims  of  the  drivers  works  out 
at 

50  X  5280  X  7722       ,^^^ ,  ^ 
60  X  33,000 ^°^°^P- 

The  energy  expended  at  the  rims  of  the  drivers  during  the  100- 
mile  journey  is 

2  X  1030  =  2060  h.p-hr. 

It  will  now  be  shown  that  the  over-all  efficiency  from  the  coal 
pile  in  the  power  house,  to  the  rims  of  the  drivers,  is,  for  practic- 
ally any  well  designed  and  commercially  sound  railway  scheme 
purchasing  its  electricity  from  large,  independent  electricity- 
supply  stations,  of  the  order  of  6.0  to  6.5  per  cent. 

As  a  representative  value  for  the  annual  over-all  efficiency  of  a 
large  modem,  steam-driven  electricity-supply  station  (t.«.,  the 
efficiency  from  the  coal  pile  to  the  outgoing  cables),  we  may  take 
11  per  cent.' 

Over-all  Efficiency 

When  designed  with  due  consideration  for  the  economic 
balance  between  capital  and  operating  costs,  the  annual  over-all 
efficiency  of  the  transmission  line  will  usually  be  of  the  order  of 
95  per  cent.  For  a  dense  service,  the  annual  over-all  efficiency 
of  the  substations  will  be  at  least  89  per  cent,  and  even  for  a 
sparse  service  it  will  usually  be  above  78  per  cent.  The  efficiency 
from  the  substation  to  the  trains  will  be  of  the  order  of  at  least 
93  per  cent  for  both  classes  of  service.     The  annual  over-all 

efficiency  of  the  train  equipments  will  be  of  the  order  of  .7 1  per  cent    , 

J 

3.  A  few  years  ago  9  per  cent  would  have  been  considered  a  high  figure 
for  the  over-all  efficiency  of  large  generating  stations,  and  efficiencies  of 
only  6  to  8  .per  cent  were  the  rule.  The  increase  over  these  figures  consti- 
tutes, in  itself,  considerable  reason  for  reconsidering  railway  electrifica- 
tion limitations.  One  kw-hr.  »  3411  B.t.u.  A  generating  station  has  an 
over-all  efficiency  of  11  per  cent  when,  taken  over  an  entire  year,  the  B.t.u. 
in  the  coal  consumed  per  kw-hr.  of  output  from  the  station,  average 
(3411/0. 11  »  )  31,000.  On  the  basis  of  coal  of  a  calorific  value  of  14,000 
B.t.u.  per  pound,  an  over-all  efficiency  of  11  per  cent  is  obtained  when  the 
coal  consumption  for  the  entire  year  is  (31,000/14,000  »  )  2.21  lb.  per 
kw-hr.  of  output  from  the  power  house.  Over-all  efficiencies  of  from  10 
to  11  per  cent  were  obtained  as  early  as  1905  at  generating  stations  in 
Stockholm,  Berlin,  Vienna.  (See  pages  29,  34  and  47  of  the  author's 
"  Heavy  Electrical  Engineering,"  Van  Nostrand),  and  at  the  Interbor- 
ough's  59th  St.  station  in  New  York.  (See  page  3  of  Vol.  XXV,  of 
Tkams.  a.  I.  E.  E.).  Annual  over-all  efficiencies  of  11  per  cent  now  are 
obtained  in  the  more  important  Edison  stations.  At  the  Interborough's 
09th  St.  station,  the  annual  over-all  efficiency  is  now  over  12  per  cent.  ^^  ^ 
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for  a  service  of  frequently  stopping  trains,  and  of  the  order  of  87 
per  cent  for  a  service  of  trains  running  long  distances  between 
stops.  The  annual  over-all  efficiency  from  coal  pile  to  driving- 
wheels  is  thus 

for  dense  service,  0.11  X  0.96  X  0.89  X  0.93  X  0.71  =  0.061 
«  sparse    **        0.11  X  0.96  X  0.78  X  0.93  X  0.87  =  0.066 

Thus  for  a  service  of  trains  making  long  runs  between  stops, 
a  value  of  6.5  per  cent  may  be  considered  as  representative  of 
the  order  of  magnitude  of  the  annual  over-all  efficiency  from  the 
coal  pile  in  the  generating  station  to  the  rims  of  the  driven  wheels 
on  the  train. 

Let  us  then,  in  the  present  instance,  take  the  over-all  efficiency 
from  coal  pile  to  drivers,  as  6.5  per  cent.  Then  the  quantity  of 
coal  (of  a  calorific  value  of  14,000  B.t.u.  per  pound,  or  5.6  h.p-hr. 
per  potmd),  burned  at  the  electricity-supply  station,  which  should 
be  debited  to  the  100-mile  joiuney  of  our  express  passenger  train 
amounts  to 

2060 


5.5  X  0.065 
This  constitutes  only 

6750  X   100 


=  6760  lb. 


12.240 


=  47  per  cent 


of  the  amotmt  of  coal  which  is  required  in  the  case  where  the  same 
train  of  10  Pullman  coaches  is  hauled  by  a  steam  locomotive. 

The  quantity  of  coal  in  the  two  cases  may  be  compared  as 
follows: 

122  lb.  per  train-mile  for  steam    locomotive 
68  «     «  «  "  electric 

Including  the  locomotives  in  the  weights  of  the  trains,  these 
figures  reduce  to 

122 

•55^  =  0 .  130  lb.  per  ton-mile  for  the  steam    train 


and 


^       0.068  «        «         «  «     «  electric      « 
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But  on  the  basis  of  coal  consumption  per  ton-mile  of  useful 
load  (t.e.y  per  ton-mile  behind  the  drawbar)  we  have; 

122 

For  the  steam    train,  -^rrr  =  0. 163  lb.  of  coal  per  ton-mile 

«       « electric     «      ^  =  0.077  «     «     «       « 

A  non-stop  express  run  has  purposely  been  taken  in  making 
this  comparison,  since  it  represents  the  case  where  steam  loco- 
motive methods  appear  to  best  advantage  in  comparison  with 
electric  locomotive  methods.  Had  occasional  stops  been  asstmied, 
the  comparison,  as  far  as  relates  to  low  fuel  constunption,  would 
have  been  still  more  favorable  to  the  electric  locomotive.  There 
are  the  further  considerations  that,  first,  the  cost  of  the  coal 
delivered  at  the  convenient  site  always  with  purpose  selected 
for  the  generating  station,  is  materially  less  than  the  cost  of  the 
same  coal  by  the  time  it  is  loaded  on  the  locomotive  tenders; 
and  second,  a  cheaper  grade  of  coal  can  economically  be  employed 
in  a  generating  station  than  on  steam  locomotives.  Thus  if  the 
comparison  were  carried  beyond  the  quantity  of  coal  per  train- 
mile  and  reduced  to  terms  of  the  fuel  cost  per  train-mile 
the  result  would,  in  most  instances,  be  to  increase  the  ratio 
of  1  (for  the  electric  locomotive)  to  2  (for  the  steam  locomotive), 
to  a  ratio  more  of  the  order  of  1  to  3. 

Steam  versus  Electric  Operation  Costs 
Electricity  will  certainly  be  employed  to  a  gradually  increasing 
extent  for  trains  of  the  character  we  have  considered,  over  sec- 
tions of  line  where  the  requirements  of  other  classes  of  traflSc  have 
been  such  as  to  justify  the  electrification  of  the  line.  Typical 
are  cases  where  the  bulk  of  the  trafiiG  consists  in  a  dense  service 
of  suburban  passenger  trains  making  frequent  stops  and 
nevertheless  maintaining  a  relatively  high  schedule  speed.  In 
several  other  instances,  it  has  been  the  difficulties  and  dangers 
attending  the  operation  of  steam  locomotives  in  long  tunnels, 
which  has  occasioned  the  electrification  of  the  railway.  The 
point  which  it  is  desired  to  emphasize  is  that  it  has,  as  yet,  never 
been  in  the  first  instance,  a  consideration  of  the  merits  of  electrical 
as  compared  with  steam  locomotive  methods  for  the  operation  of 
express  passenger  trains,  which  has  led  to  electrification.  Rather 
it  has  been  in  the  face  of  a  generally  accepted  (and  heretofore 
entirely  reasonable)  opinion  that  for  this  class  of  service,  steam^  t 

locomotive  haulage  is  economically  much  the  more  appropriater"       o 
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It  is  only  gradually  beginning  to  be  recognized  that  even  for  a 
relatively  sparse  service  of  freight  trains  and  express  passenger 
trains,  the  economies  in  the  direction  of  decreased  fuel  consump- 
tion, decreased  outlay  for  maintenance  and  repairs  of  locomo- 
tives, elimination  of  firemen  on  locomotives,  (and  the  substitu- 
tion therefor  of  an  assistant  engineer  to  be  available  in  the  event 
of  unforeseen  incapacity  on  the  part  of  the  responsible  engineer,) 
elimination  of  heavy  tender,  and  (which  will  ultimately  be  foimd 
to  be  of  specially  great  importance),  increased  annual  mileage 
per  locomotive,  will  in  many  instances  amply  justify  the  capital 
outlay  involved  in  electrification.  Caution  must,  however,  be  used, 
for  there  are  at  present  many  cases  where  the  traffic  is  so  sparse, 
the  cost  of  electricity  so  considerable,  and  the  outlay  of  such 
magnitude,  (as  compared  to  the  sparse  traffic),  as  to  demonstrate 
steam  locomotive  methods  to  be  distinctly  appropriate  and  to 
constitute  the  economically  correct  system. 

However,  the  trend  of  developments  is  strongly  in  the  direction 
of  extending  the  legitimate  field  for  the  electrification  of  railways. 
Practically  all  moderately  settled  sections  of  the  United  States 
are  now  covered  with  extensive  electric  transmission  and  distri- 
bution systems  of  great  capacity.  It  is  becoming  increasingly 
customary  to  effect  interconnecting  arrangements  between  the 
various  systems,  and  it  appears  that  there  will  be  a  rapidly- 
increasing  tendency  toward  providing  what  will,  to  all  intents 
and  purposes,  constitute  a  few  large  networks.  Steadily  increas- 
ing loads  and  improved  machinery,  accompanied  by  scientific 
management,  are  continually  leading  to  reductions  in  the  prices 
at  which  electricity  can  be  sold  at  a  fair  profit.  Thus  it  is  rapidly 
becoming  increasingfy  more  practicable  for  railways  to  ptirchase 
their  electricity  along  the  line  of  route,  thereby  limiting  their 
own  capital  outlay  to  that  associated  with  substations,  feeders, 
contact  conductors,  and  rolling  stock.  Usually  the  rolling  stock 
will  constitute  the  largest  item  in  the  capital  outlay  even  when 
the  service  is  far  from  dense. 

Not  only  is  there  associated  with  the  policy  of  purchasing  the 
electricity  the  advantage  of  avoiding  the  capital  outlay  for  elec- 
tricity generating  stations  and  for  transmission  lines,  but  there 
is  the  important  consideration  that  the  railway  load  is  of  such  a 
character  that  when  superposed  on  the  present  loads  supplied 
by  the  undertakings,  a  price  per  kilowatt-hour  can  be  accepted 
.which  will  be  lower  than  the  cost  at  which  the  railway  could  make 
jtB  own  electricity.    The  railway  company  will  usually  find  that 
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the  most  suitable  arrangement  consists  in  providing  its  own  sub- 
stations and  purchasing  from  a  supply  undertaking  the  electri- 
city in  the  three-phase  form  in  which  it  is  delivered  at  the  sub- 
stations. 

2400- Volt  System 

To  the  railway  the  question  of  so  designing  its  system  as  to 
secure  the  requisite  conditions  with  a  reasonable  outlay  for  sub- 
stations and  for  the  feeders  and  the  contact-conductor  system 
becomes  one  of  much  importance.  For  a  relatively  sparse  ser- 
vice, the  2400-volt  system  bids  fair  to  be  adopted  widely.  We 
have  seen  that  the  average  power  required  at  the  drivers  of  an 
electric  locomotive  hauling  10  Ptdlman  coaches  at  an  average 
speed  of  50  miles  per  hour  is  some  1030  h.p.  At  constant  speed, 
the  efficiency  of  the  electrical  equipment  on  the  train  will  be  of 
the  order  of  90  per  cent.  The  average  input  will  thus  be  a  matter 
of  some  1150  h.p.  But  during  acceleration  and  when  ascending 
grades,  the  input  will  rise,  say,  to  1600  h.p.  or  (1600  X  0 .  746  «  ) 
1200  kw.    At  2400  volts  this  requires  collecting  a  current  of 

1,200,000        -^ 
—  tyjuyri —  =  500  amperes 

This  current  can  readily  be  collected  by  pantograph  trolleys.^ 
Moreover,  currents  of  much  greater  magnitude  than  this 
may  be  transmitted  many  miles  without  exceeding  a  reason- 
able pressure  drop  and  without  requiring  prohibitive  out- 
lay for  positive  and  negative  feeders.  The  more  widely  apart 
the  substations  are  spaced,  the  higher  (with  a  sparse  serv- 
ice) will  be  the  load  factor,  and  the  greater  will  be  the 
rated  capacity  of  each  substation  (and  consequently  the 
lower  will  be  its  capital  cost  per  kilowatt  of  rated  capacity) 
and,  finally,  the  lower  will  be  the  wages  outlay  associated  with  the 

4.  For  a  given  life  of  the  contact  roUer,  tests  reveal  the  following 
relatton  between  the  speed  of  a  pantograph  trolley  and  the  current  which 
can  be  collected: 

Speed  in  miles  per  hour  Current  in  amperes 
10  1200 

20  900 

30  600 

40  450 

60  300 

When  estimating  on  two  pantograph  trolleys  in  parallel*  it  is  well  to 
ooniider  their  combined  capacity  as  only  1.75  times  that  of  a  single 
troltoy. 
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operation  of  the  substations.  For  2400-volt  substations^  the 
spacing  will  usually  be  from  some  30  miles  apart  for  a  relatively 
sparse  service  of  high-powered  trains,  down  to  some  15  miles 
apart  with  more  frequent  trains.  With  any  approach  to  a  dense 
service,  1500  volts  or  1200  volts  would  amply  suffice,  the  substa- 
tion spacing  ranging  from  15  miles  down  to  some  five  miles. 
From  this  point  downward,  we  come  within  the  order  of  things 
corresponding  to  a  very  dense  urban  and  suburban  traffic.  In 
such  cases,  if  the  area  is  very  extensive,  as  at  Melbourne,  a 
1200-  or  1600-volt  system  may  appropriately  be  employed,  but 
it  will  be  more  usual  and  satisfactory  to  employ  some  600  to  750 
volts  for  the  exceedingly  dense  traffic  requirements  in,  through  and 
near  a  great  city  or  the  metropolitan  district  comprising  two  or 
more  adjacent  cities  and  their  suburbs.  It  is  not  only  possible 
but  will  often  be  emineatly  practical  and  desirable  to  combine 
the  use  of  600  or  750  volts  in  the  near  neighborhood  of  a  great 
city,  with  the  use  of  1200  or  1500  volts  for  more  remote  sections 
where  the  traffic  is  more  sparse,  and  the  same  rolling  stock  will 
be  operated  indifferently  from  either  pressure. 

The  decision  between  the  use  of  a  third  rail  or  an  overhead 
contact-conductor  is  not  in  any  sense  an  embarrassing  one,  but 
is  readily  settled  in  accordance  with  the  circumstances  of  each 
case.  Good  use  will  often  be  made  on  the  same  system,  of  over- 
head contact-conductors  on  some  sections  and  third  rail  on  other 
sections,  the  rolling  stock  being  readily  equipped  with  contact 
appliances  for  both  systems. 

Returning  to  a  consideration  of  the  2400-volt  system,  it  may 
be  said  that  pairs  of  1200-volt  motors  in  series  will,  so  far  as 
control  methods  are  concerned,  take  the  place  of  single  motors. 
The  most  usual  plan  will  consist  in  driving  four  axles  of  the  loco- 
motive from  the  fotir  motors.  But  1200  volts  is  by  no  means  the 
limiting  pressure  for  the  commutator  of  a  railway  motor  and  it 
would  be  sound  engineering  to  employ  four  1800-volt  motors 
connected  in  3600- volt  pairs  on  a  four-axle  locomotive  operated 
from  a  3600-volt  contact  conductor.  Where  the  required  per- 
formance of  the  locomotive  would  make  it  preferable  to  have  six 
driven  axles,  the  equipment  could  comprise  six  1200-volt  motors 
arranged  in  two  groups,  each  group  being  made  up  of  three  motors 
connected  in  series  and  regarded  as  a  single  motor  so  far  as  relates 
to  the  series-parallel  control  features.  The  objections  originally 
made  that  with  two  motors  in  series  driving  independent  axles, 
there  would  be  trouble  if  one  set  of  wheels  slipped  and  occasioned 


Digitized  by 


Google 


19131  HOBART:  TtAILWA  Y  ELECTRIFICA  TION  1161 

most  of  the  voltage  to  be  concentrated  on  the  motor  coupled  to 
these  wheels,  have,  in  practise,  not  been  realized.  In  the  im- 
probable event  that  difficiilties  should  arise  from  related  reasons 
in  future  constructions,  either  resort  could  be  had  to  emplo3ring 
connecting  rods,  or  else  two  motors  in  series  could  drive 
the  same  axle  by  each  having  pinions  engaging  with  the  gear 
wheel  or  gear  wheels  on  this  axle.  It  may  be  as  well  here  to  point 
out  that  for  the  operation  of  trains  making  runs  of  several  miles 
between  stops,  there  is  less  justification  for  series-parallel  control 
than  has  been  the  case  with  the  frequently  starting  and  stopping 
trains  for  which  electrical  operation  has  heretofore  been  regarded 
as  especially  appropriate. 

Mountain-Grade  Railways 

A  keen  interest  is  at  present  being  taken  in  the  electrifica- 
tion of  mountain-grade  divisions  of  main-line  railways  in  the 
Western  states  of  this  coimtry.  In  several  concrete  instances, 
careful  estimates  have  demonstrated  that  the  operating. econo- 
mies which  can  be  effected  by  superseding  with  electric  loco- 
motives the  steam  locomotives  on  such  railways  are  enormous,  and 
are  indeed,  of  such  amounts  as  to  defray  in  a  very  few  years  the 
initial  outlays  for  substations,  for  feeders  and  contact-conductors, 
and  for  electric  locomotives. 

A  chief  factor  contributing  to  this  result  relates  to  the  very  low 
cost  at  which  the  large  hydroelectric  supply  companies  in  the 
West  can  profitably  sell  electricity  for  operating  sjmchronous 
motors  in  substations.  A  considerable  proportion  of  the  present 
load  of  these  hydroelectric  undertakings  consists  in  induction 
motors.  The  large  lagging  component  of  the  cturent  consumed 
by  induction  motors  involves  capital  and  operating  costs  which 
are  very  much  in  excess  of  the  corresponding  costs  of  supplying 
equal  amounts  of  energy  at  unity  power  factor.  Synchron- 
ous motors  niay  with  advantage  be  so  operated  as  to  consvune  a 
current  with  a  large  leading  component.  It  often  pays  an  elec- 
tridty-supply  company  to  go  to  the  expense  of  purchasing  and 
ttigt-^Hitig  large  synchronous  motors  for  the  express  and  exclu- 
sive purpose  of  running  them  idle  and  with  high  excitation,  simply 
to  neutralize  the  lagging  component  of  the  current  constuned  by 
the  induction  motor  load.  If  the  electricity-supply  companies 
can  find  customers  who  will  take  upon  themselves  the  expense 
of  purchasing  such  synchronous  motors  and  who  will  so  operate 
them  from  the  electricity-supply  companies'  system  as  to  neutral- 
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ize  the  undesirable  lagging  component,  then  they  are  spared  the 
necessity  of  themselves  incurring  this  capital  outlay  for  improving 
the  conditions  on  their  system.  Although  the  electricity-supply 
companies  may  not  be  able  to  satisfy  themselves  that  they  can 
equitably  pay  the  railway  companies  for  operating  synchronous 
motors  from  their  systems,  nevertheless  it  will  be  seen  that 
exceptionally  low  prices,  satisfactory  to  both  parties  to  the  trans- 
action, should  readily  be  agreed  upon.  The  equitable  price  in 
such  a  case  should  be  arrived  at  on  the  basis  of  debiting  the  rail- 
way company  with  the  value  of  the  energy  delivered  to  the  sub- 
stations and  crediting  the  railway  company  with  the  value  to 
the  supply  company  of  the  leading  current  drawn  from  the  sys- 
tem by  the  over-exdtation  of  the  synchronous  motors  in  the  sub- 
stations. 

The  electridty-supply  companies'  traditional  objection  to  a 
railway  load  of  the  sparse  character  associated  with  the  opera- 
tion of  motmtain-grade  divisions,  has,  in  the  past,  related  to  its 
very  poor  load  factor.  But  when  it  is  imderstood  that  these 
Western  hydroelectric  companies  already  have  enormous  loads 
connected  to  their  systems,  it  will  be  seen  that  the  flucttiations 
of  a  couple  of  thousand  kilowatts,  more  or  less,  imposed  by  the 
intermittent  operation  of  a  few  freight  trains,  is  not  a  factor  of 
consequence,  especially  since  it  does  not  affect  the  leading  com- 
ponent of  the  current  consumed  by  the  synchronous  motors. 

Engineers  have  in  the  past  usually  erred  in  their  ideas  regarding 
the  order  of  magnitude  of  a  railway  load.  The  present  electri- 
city-supply companies  distributed  about  the  country  could  often 
handle  the  load  corresponding  to  relatively  large  railway  under- 
takings without  incurring  the  expense  of  any  very  considerable 
extensions  of  their  generating  and  transmitting  installations. 

Let  us  illustrate  this  point  by  the  case  of  the  Butte,  Anaconda 
and  Pacific  Railway,  which  is  electrifying  90  miles  of  track  with 
the  2400-volt  system.  The  equipment  comprises  15  freight  loco- 
motives and  two  passenger  locomotives,  each  of  these  17  loco- 
motives weighing  80  tons.  Although  the  imdertaking  involves 
transporting  annually  five  million  tons  of  ore  over  a  distance  of 
some  26  miles,  the  quantity  of  electricity  which  will  be  consumed 
annually  at  the  substations  will  only  be  of  the  order  of  less  than 
20  million  kw-hr.  A  single  5000-kw.  turbo-generator  with  a  total 
weight  (including  steam-ttirbine,  generator  and  their  common 
base  and  bearings)  of  only  some  115  tons,  often  turns  out  this 
quantity  of  electricity  in  the  course  of  a  year.    Only  two  siib- 
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Stations  (26  miles  apart)  are  required  for  the  tindertaking,  and 
each  substation  contains  only  two  motor-generator  sets,  each  set 
having  a  rated  capacity  of  1000-kw.  and  an  ample  overload  capac- 
ity to  carry  3000  kw.  for  6  minutes  at  intervals.  The  four 
motor-generator  sets  only  aggregate  a  total  weight  of  some 
(4  X  46  =  )  180  tons.  The  only  items  of  large  consequence 
involved  in  the  electrification  of  this  undertaking  are,  on  the  one 
hand,  the  17  locomotives,  and,  on  the  other  hand,  the  provision 
of  the  overhead  contact  line,  the  track  bonding  and  the  positive 
and  negative  feeders. 

Trailing  loads  of  3400  tons*  will  be  hauled  by  two  of  these  80-ton 
locomotives  (operating  as  a  single  machine)  from  Butte  to 
Anaconda  over  a  route  with  a  maximum  grade  of  0.3  per  cent. 
For  such  a  case  we  no  longer  have  the  condition  which,  as  we  have 
seen,  so  greatly  affects  the  economy  of  the  express-passenger  prop- 
osition, namely,  that  the  weight  and  friction  of  the  locomotive 
constitute  considerable  percentages  of  the  weight  and  friction  of 
the  entire  train.  Taking  the  friction  of  the  trailing  load  (with 
reasonable  allowance  for  curves),  at  4  pounds  per  ton,  the  draw- 
bar-pull on  a  0 . 3  per  cent  grade  amounts  to 

^0.3  X  20  +  4)  X  3400  =  34.0001b. 

When  returning  empty,  the  trailing  load  of  some  1000  tons  must 
be  drawn  up  maximum  grades  of  one  per  cent.  The  tractive 
effort  for  the  empty  cars  will  be  8  lb.  per  ton  and  the  drawbar  pull 
will  then  be 

28  X  1000  =  28,0001b. 

Obviously,  even  for  the  heavy  freight  service  on  this  mountain 
division,  the  use  of  two  of  these  80-ton  locomotives  will  give  a 
very  wide  margin  of  excess  capacity.  Each  80-ton  locomotive 
will  develop  continuously  a  tractive  effort  of  25,000  lb.  at  15 
miles  per  hour.  For  the  160-ton  combination  this  corresponds  to 
a  continuously  sustained  drawbar  output  of 

15  X  5280  X  2  X  25.000  ^  goQO  h  p 


60  X  33,000 

On  a  level  track,  higher  speeds  will  be  available.    At  starting, 
the  160-ton  combination  will  provide  a  tractive  effort  of 
(160  X  2000  X  0.25  =)  80,0001b. 

6.  Many  trains  will  be  so  much  lighter  as  to  require  the  use  of  only  one 
80-ton  locomotive.  Single  locomotives  will  also  be  employed  in  the  yards 
and  at  various  points  of  the  system  as  switchers  and  pushers. 
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for  a  25  per  cent  coefficient  of  adhesion 

or  (160  X  2000  X  0.30  =)  96,000  lb. 

for  a  30  per  cent  coefficient  of  adhesion. 

This  tractive  effort  can  also  be  provided  by  a  Mallet  loco- 
motive with  160  tons  on  drivers.  The  engine  and  tender  will, 
however,  weigh  some  250  tons  and  the  weight  on  each  of  the  six 
driven  axles  amounts  to 

160  X  2000  ^^3^^^^ 
o 

as  against  a  weight  of  only 

160  X  2000 


8 


40,0001b. 


on  each  of  the  eight  driven  axles  of  the  electric  locomotive.  Ob- 
viously on  the  single  score  of  the  distribution  of  weight,  the  track 
conditions  are  distinctly  less  severe  with  the  electrical  alternative. 
There  is  also  the  important  advantage,  in  the  case  of  the  electric 
locomotive,  that  the  torque  is  uniform  and  in  striking  contrast 
with  the  pulsating  torque  of  the  steam  locomotive. 

But  the  essential  contrast  as  regards  relative  capacities  is 
brought  to  light  when  we  state  that  the  Mallet  locomotive,  when 
burning  lignite  of  a  calorific  value  of  some  11,000  B.t.u.  per 
poimd,  can,  when  exerting  a  drawbar  pull' of  60,000  lb.,  only 
maintain  a  sustained  speed  of  some  6 . 5  miles  per  hour.  Under 
these  conditions  the  locomotive  will  be  consuming  about  7500 
lb.  of  coal  per  hour,  and  will  be  developing 

6.5  X  5280X60,000       ,^.^.       .      . 
eo  X  33,000 =  1040  drawbar  h.p. 

If  the  250-ton  Mallet  locomotive  is  hauling  a  3400-ton  train, 
then  the  indicated  horse  power  will  be  about 

3650  X  1040  _  ,cnn,t,„ 
3400  X  0.75 -^^'-^P- 

The  calorific  value  of  the  lignite  employed  as  fuel  may  also  be 
expressed  as 

11,000        .   oou      U  A 

n'        «  4. 32  h.p-hr.  per  pound 
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Thus  the  efficiency  from  the  coal  to  the  cylinders  is 

1500  X  100         .  «, 
7500  X  4.32  "^-^  per  cent 

This  efficiency  estimate  is  on  the  basis  of  a  fuel  consumption  of 

7600 

TTTw;  =  5.00  lb.  of  lignite  per  i.h.p-hr. 

The  efficiency  from  the  coal  to  the  drawbar  is 

j^X4.63  =  3. 22  per  cent 

The  coal  consimiption  per  drawbar  h.p-hr.  is 
4.63 


3.22 


X  6.00  =  7.20  lb.  per  drawbar  h.p-hr. 


When,  however,  we  take  into  accoimt  the  coal  wastefully 
burned  during  the  large  part  of  the  time  during  which  the  steam 
locomotive  is  standing  still,  we  arrive  (for  mountain-grade  freight 
service),  at  figures  of  the  order  of  from  10  to  12  or  more  pounds 
of  lignite  burned  per  drawbar  h.p-hr.  On  the  basis  of  10  lb. 
per  drawbar  h.p-hr.  the  efficiency  from  the  coal  to  the  drawbar 
works  out  at 

7.20 


10 


X  3.22  =  2.32  percent 


Even  when,  as  will  usually  be  the  case  in  the  West,  the  electric 
proposition  involves  obtaining  energy  from  hydroelectric  under- 
takings, it  is  nevertheless  instructive  to  give  close  attention 
to  these  efficiency  and  coal  consumption  figures,  and  to  contrast 
them  with  the  results  which  may  be  obtained  with  the  equivalent 
electricity  generating  station  in  which  coal  fuel  is  employed.  It 
has  already  been  stated  that  in  such  a  case,  some  6.6  per  cent  of 
the  energy  in  the  coal  burned  at  the  generating  station  is  delivered 
at  the  rims  of  the  drivers.  We  have  now  seen  that  for  the  freight 
service  in  question,  an  electric  locomotive  weighing  160  tons,  when 
compared  with  a  steam  locomotive  weighing  with  tender  some  250 
tons,  yields  at  least  as  great  a  drawbar  pull  at  starting,  since  with 
the  same  weight  on  drivers  it  replaces  a  pulsating  torque  with  a 
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constant  torque.  Fiirthermore  it  can  develop  this  drawbar  pull 
at  14  miles  per  hour  as  against  less  than  half  this  speed  for  the 
steam  locomotive. 

The  electric  locomotive  requires  to  be  manned  only  by  one 
engineer,  although,  as  a  precautionary  measure,  an  assistant 
engineer  accompanies  him  on  the  locomotive.  But  when,  as  in 
the  instance  we  have  considered,  a  Mallet  is  burning  7500  lb. 
of  coal  per  hour,  it  is  considered  that  it  is  beyond  the  capacity 
of  a  single  fireman,  and  for  sustained  efforts  of  this  amount,  two 
firemen  should  be  provided.  In  other  words,  in  order  to  work  up 
to  a  consumption  of  7500  lb.  of  coal  per  hour  (corresponding  to  a 
speed  of  6.5  miles  per  hour  with  a  drawbar  pull  of  60,000  lb., 
making  1500  i.h.p.)  two  firemen  are  necessary  if  these  conditions 
of  speed  and  drawbar  pull  are  sustained  for  considerable  periods. 
Thus  a  crew  of  three  men  are  required  on  the  steam  locomotive 
when  only  1500  i.h.p.  are  developed,  while  on  the  electric  loco- 
motive just  one  man  is  actually  necessary  (although  two  are 
provided  for  the  reasons  stated),  even  when  the  locomotive  is 
developing  over  2000  h.p. 

Capital  Cost  and  Maintenance 
Finally,  as  regards  capital  outlay  and  maintenance.  Electric 
locomotives  with  the  axles  driven  through  gears  cost  a  matter  of 
some  $450  per  ton  and  the  outlay  for  repairs  and  maintenance 
nms  to  some  4  cents  per  mile  per  100  tons  of  weight  of  locomotive. 
The  outlay  for  repairs  and  maintenance  of  steam  locomotives 
is  about  of  the  order  of  10  cents  per  mile  per  100  tons  of  weight, 
and  since  steam  locomotives  are  inherently  incapable  of  the 
mileage  per  annum  which  can  be  obtained  from  electric  locomo- 
tives, then  notwithstanding  that  steam  locomotives  cost  consider- 
ably less  than  half  as  much  per  ton  of  weight,^  the  charges  per 
locomotive-mile  for  repairs  and  maintenance,  plus  interest,  taxes, 
insurance  and  amortization,  are  inherently  decidedly  greater  for 
the  steam  locomotive  than  for  the  electric  locomotive.  Electric 
railway  engineers  are  satisfied  that  these  are  conservative  ratios. 
That  the  values  which  will  ultimately  be  established  will  be  still 

6.  This  ratio  of  costs  is  only  in  small  part  due  to  any  inherently  greater 
cost  per  ton  in  the  case  of  electric  locomotives.  It  is  chiefly  due  to  the 
fact  that  whereas  several  thousands  of  sUam  locomotives  are  built  every 
year,  there  are  not  more  than  a  matter  of  1000  electric  locomotives  in 
existence,  and  only  100  to  200  are  built  annually.  The  number  of  steam 
locomotives  in^the  United  States,  the  United  Kingdom,  Germany  and 
France^aggregates  over  100,000. 
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more  favorable  to  the  electric  locomotive  will  only  slowly  be 
demonstrated  in  practise,  largely  for  the  reason  that  conventional 
methods  of  operating  railways  have  been  so  evolved  as  to  conform 
with  the  properties  and  limitations  of  the  steam  locomotive. 
Emancipation  from  these  limitations  will  not  immediately  be 
followed  by  a  revolution  in  methods  of  operating  railways.  On 
the  contrary,  the  electric  locomotive  will  for  some  time  to  come 
be  compelled  to  conform  to  the  conventions  of  the  past.  Ad- 
vantage will  only  gradually  be  taken  of  the  electric  locomotive's 
inherently  greater  capacity  as  regards  speed  (in  the  case  of 
freight  haulage)  for  a  given  drawbar  ptill.  It  will  be  some  con- 
siderable time  before  methods  will  so  be  modified  that,  in  virtue 
of  its  greater  capacity  for  speed  in  freight  hatilage,  and  in  virtue 
of  freedom  from  the  necessity  of  devoting  a  large  percentage  of 
time  to  overhauling  it  and  taking  it  out  of  service  for  repairs*,  50 
per  cent  or  even  100  per  cent  more  mileage  per  annimi  will  be 
obtained  from  the  electric  locomotive  than  has  been  foimd 
expedient  with  its  steam  predecessor.  Most  of  the  present  over- 
time expense  will  be  eliminated  with  electric  operation  and  this 
in  itself  will  effect  a  large  saving  in  crew  expense. 

The  drctmistances  attending  specific  cases  vary  so  greatly  as  to 
render  it  exceedingly  difl&ctdt  to  work  out  quantitative  compari- 
sons. Ptui^hermore,  a  reasonable  consideration  for  commercial 
interests  of  various  sorts,  requires  that  indications  of  price  shall 
be  only  rdaiively  correct  and  of  the  right  general  order  of  magni- 
tude. But  notwithstanding  the  frank  admission  that  the  figures 
employed  in  the  following  comparison  are  ptirposely  so  selected 
that  they  are  only  quite  roughly  correct,  and  amply  conservative 
at  the  present  state  of  the  art,  they  nevertheless,  taken  relatively, 
as  contrasting  electric  with  steam  working,  bear  a  very  correct 
ratio  to  one  another,  and  will  be  amply  sufiident  for  the  purposes 
of  a  rough  comparison. 

Hypothetical  Bxamplb 
Let  us  contrast  the  case  of  emplo5ring  10  electric  locomotives 
weighing  160  tons  each,  and  with  the  entire  weight  on  drivers, 

*  While  a  comparatively  short  run  necessitates  that  the  steam  loco- 
motive be  temporarily  withdrawn  from  service  for  several  hours  for 
adjustments,  cleaning  and  other  attentions,  no  such  limitations  obtain 
in  the  case  of  the  electric  locomotive.  Moreover  it  can  be  arranged  that 
the  engineer  and  his  assistant  shall  relieve  one  another  at  frequent  inter- 
vals, thus  maintaining  their  strength  and  alertness  to  a  degree  quite 
impossible  for  the  engineer  and  fireman  constituting  the  crew  of  a  steam 
locomottTe. 
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with  the  alternative  of  employing  15  steam  locomotives  of  the 
Mallet  type,  weighing,  with  tenders,  250  tons  each,  of  which  160 
tons  is  on  drivers.  Let  the  work  to  be  performed  consist  in  haul- 
ing freight.  Let  the  conditions  governing  the  capacity  per  steam 
locomotive  consist  in  the  requirement  of  hauling  1400*ton  trains 
up  long  1 . 5-per  cent  grades  at  6.5  miles  per  hotir,  and  starting 
1400-ton  trains  on  I .  S-per  cent  grades,  and  let  it  be  proposed 
that  the  electric  locomotives  shall  start  and  haul  trains  of  the 
same  weight  over  the  same  grades  at  speeds  50  per  cent  greater. 
Let  the  total  length  of  single  track,  including  terminals  and  sid- 
ings, be  a  matter  of  50  miles. 

Let  each  electric  locomotive  traverse  24,000  traffic  miles  per 
annum  as  against  16,000  traffic  miles  per  annum  for  each  of  the 
steam  locomotives.^  In  both  cases  the  total  traffic  amounts  to 
240,000  locomotive  miles  per  anntun. 

When  hauling  a  1400-ton  train  up  a  1 . 5-per  cent  grade  at  6 . 5 
miles  per  hour,  the  output  at  the  drawbar  is 

6.5  X  5280  X  38  X  1400  _  ^^« , 
eO  X  33 000  ^^^^P- 

The  corresponding  output  from  the  cylinders  of  the  250-ton 
steam  locomotive  is 

1670  X  923        ,.^.u 
1400  X  0.75  ^^^^^'^'P' 

On  the  basis  of  employing  as  fuel  Western  lignite  of  a  calorific 
value  of  11,000  B.t.u.  per  pound,  (4.32  h.p-hr.  per  pound),  the 
coal  consumption  may  be  taken  at  5  lb.  per  i.h.p-hr.  while  the 

7.  Experience  has  demonstrated  that  an  electric  locomotive  will  be 
available  for  service  every  day  for  eleven  out  of  the  twelve  months  of 
the  year,  the  remaining  month  affording  a  liberal  margin  for  general 
repairs.  During  the  (11/12  X  365  »  )  334  days  of  service,  even  a  low- 
speed  electric  locomotive  hauling  freight  over  a  mountain  division,  will 
readily  jrield  100  miles  per  day.  This  works  out  at  an  annual  mileage  of 
33,400.  It  is  exceedingly  conservative  to  cut  this  down  to  24,000  miles, 
or  an  average  of  (24,000/334  = )  72  miles  per  day,  averaged  over  334  days, 
or  (24,000/365  «  )  66  miles  per  day,  averaged  over  365  days. 

On  the  other  hand,  to  credit  each  steam  locomotive  with  (16,000/365  »  ) 
44  miles  per  day,  when  averaged  over  the  365  days  in  the  year,  is  to 
take  an  exceedingly  high  figure  which  is  seldom  if  ever  reached  by  Mallets 
when  dealing  with  the  class  of  service  on  which  the  example  is  based. 
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locomotive  is  hauling  its  train  under  these  conditions  of  maximum 
load.    Thus  we  have  a  coal  consumption  of 

— -^-z —  =  1120  lb.  per  train-mile 
o.o 

Let  it  be  premised  that  the  average  load  for  the  entire  16,000 
traffic  miles  traversed  by  the  locomotive  in  a  year,  is  only  one- 
third  of  this  maximtmi  load.  The  average  coal  consumption 
with  which  the  locomotive  must  be  debited  per  train-mile,  will 
not,  however,  fall  to  1120/3  =  373  lb.  per  train-mile,  for  we 
must  make  allowance  for  the  large  amount  of  coal  burned  in  the 
course  of  the  many  hours  dtuing  which  the  locomotive  is  stand- 
ing still,  but  with  fires  up.'  We  shall  be  decidedly  favoring 
the  steam  locomotive  in  this  comparison  if  we  debit  it  with  an 
average  coal  consumption  of  560  lb.  per  locomotive-mile  for 
the  16,000  miles  which  it  travels  annually.  On  the  basis  ef 
$2.50  per  ton,  the  fuel  cost  amotmts  to 


560 

X  2 .  50  =  $0 .  685  per  train-mile 


2000 


In  the  case  of  the  electric  locomotive  we  shall  supply  the  draw- 
bar ptdl  at  a  50  per  cent  higher  speed.  Consequently  on  the  1 . 5- 
per  cent  grades,  the  power  at  the  drawbar  will  be 

923  X  1.5  =  1390  h.p. 

8.  At  page  63  of  Ripley's  "  Railroad  Rates  and  Regulations  '*  (Long- 
mans, Green  and  Co.,  1912),  the  author,  in  discussing  the  cost  of  fuel  for 
motive  power,  writes:  **  This  item,  amounting  in  1905  to  no  less  than 
9156,000,000  for  the  railroads  of  the  United  States,  was  the  largest  in 
the  budget,  constituting  11  per  cent  of  all  operating  expenses.  Yet 
brief  consideration  shows  that  even  here  much  of  this  expense  is  constant 
and  invariable.  A  locomotive  will  bum  fully  one-third  as  much  coal 
merely  to  move  its  own  weight  as  to  haul  a  loaded  train.  Five  to  ten 
per  cent  of  its  total  daily  consumption  is  required  merely  for  firing  up  to 
the  steaming  point.  Twenty-five  to  50  .pounds  of  coal  per  hour  go  to 
waste  in  holding  steam  pressure  while  a  freight  train  is  waiting  on  a  siding. 
Bvery  stop  of  a  train  going  thirty  miles  per  hour  dissipates  energy 
enough  to  have  carried  it  two  miles  along  a  level  road.  In  brief, 
expert  evidence  shows  that  of  this  important  expenditure  for  coal  30  to  60 
per  cent  is  entirely  independent  of  the  number  of  cars  or  the  amount  of 
freight    hauled." 
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The  output  at  the  drivers  of  the  electric  locomotive  will  be 

i^X  1390  =  1550  h.p. 

The  input  to  the  locomotive  will  be 

The  input  to  the  substations  per  train-mile  will  be 
1330 


0.93  X  0.78  X  6.5  X  1.5 


188  kw-hr. 


But  this  input  corresponds  to  the  load  on  the  ruling  grade. 
We  have  already  premised  an  average  load  equal  to  one-third 
of  the  maximum  load.    Consequently  we  have 

188 
Average  input  to  substations  =  — o-  =  63  kw-hr.   per  loco- 
motive-mile. 

On  the  basis  of  a  price  of  one  cent  per  kw-hr.  delivered  to  the 
substations,  the  average  cost  of  the  electricity  per  locomotive- 
mile  comes  to 

63X0.01  =  $0.63 

This  is  in  comparison  with  the  average  cost  of  $0,685  for  fuel 
per  locomotive-mile  corresponding  to  a  price  of  $2.50  per  ton 
for  lignite. 

The  item  of  wages  for  the  locomotive  crew,  will  be  taken  at  20 
cents  per  mile  both  for  the  steam  locomotive,  and  for  the  electric 
locomotive. 

Appropriate  relative  figiu-es  for  repairs  and  maintenance  are 
(10  X  2.5  =  )  25  cents  per  mile  for  the  steam  locomotive,  and 
(4  X  1 .6  »  )  6.4  cents  per  mile  for  the  electric  locomotive. 

As  to  capital  outlay  for  locomotives,  $45,000  for  each  steam 
locomotive  can  fairly  be  compared  with  $72,000  for  the  electric 
locomotive.  This  is  a  fair  ratio  and  suggests  a  reasonable  order 
of  magnitude.  In  spite  of  the  simplicity  and  strength  of  the 
electric  locomotive,  let  us  credit  it  with  only  the  same  life,  in 
years,  as  the  complicated  and  vulnerable  steam  locomotive  and 
let  us  take  the  life  as  15  years.  Let  taxes  and  insurance  amount 
to  3  per  cent.     Consequently  as  annual  charges  on  the  capital 
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outlay  for  locomotives,  we  may  fairly  take  (5  +  4.6  +  3)  ==  12.6 
per  cent  in  each  case.  This  comes  to  $5,670  per  annum.for  each 
steam  locomotive  and  $9,060  per  anntmi  for  each  electric 
locomotive.    These  figures  reduce  to 

/  567.000  \       ^.  .       , 

per  mile  for  the  steam  locomotive  and 

/906,000  V     on  o       * 

(-2i;boo-J  =  37-«~^*^ 

per  mile  for  the  electric  locomotive. 

Thus  for  the  five  component  costs  which  we  have  considered, 
the  results  are  as  follows: 

Per  locomotive-mile 
Steam  Electric 

L— Fuel $0,686  

IL-^Blectrictty $0,630 

III.— Wecet  of  locomotiTe  crewi 0.200  0.200 

IV. — Repair*  and  maintenance  of  locomotivee 0.250  0.064 

V. — Interest,  tazee,  insnrance  and  amortisation 0 .  364  0 .  378 

TotaU  of  above  6  items $1,480  $1,272 

These  five  items  amount,  for  the  240,000  locomotive  miles  per 
annum,  to  the  following  annual  outlays: 

Steam 240.000  X  1 .  480  -  $367,000 

Electric 240.000  X  1.272  -    306,000. 

Difference  in  the  totals  of  the  6  items $61,000 

To  illustrate  the  sensitiveness  of  the  result  on  the  prices  of 
coal  and  electricity  respectively,  it  should  be  noted  that  with 
coal  at  $2.80  per  ton  and  electricity  at  0.80  cents  per  kw-hr., 
the  difference  in  the  totals  of  these  5  items  for  steam  and  electri- 
city increases  from  the  above  result  of  $51,000  to  $102,000. 

The  wages  of  substation  attendants  and  linemen  will   only 

absorb  a  small  portion — say  $15,000 — of  the  above  balances, 

,  leaving  the  large  remainder  available  to  be  applied  to  liquidating 

the  capital  outlay  for  substations  and  for  feeders  and  contact 

conductors  and  for  track  structures  and  bonding. 

No  degree  of  exactness  is  claimed  for  the  above  cost  compari- 
son, but  it  is  claimed  that  the  results  are  very  indicative  of  large 

le 
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commercial  advantages  in  the  electric  operation  of  sections  of 
main-line  railways,  especially  in  instances  where  electricity  can 
be  purchased  at  the  substations  at  a  cost  of  not  much  over  one 
cent  per  kw-hr.  It  is  often  remunerative  to  large  hydroelectric 
undertakings  to  supply  electricity  to  railways  at  prices  below  one 
cent  per  kw-hr.  at  the  substations.  The  dependence  of  the  sotmd- 
ness  of  the  proposition  on  the  cost  of  coal  and  the  price  at  which 
electricity  can  be  obtained,  is  indicated  by  the  result  to  which 
allusion  has  already  been  made,  that  the  saving,  in  the  case 
examined,  goes  up  from  $51,000  per  annum  for  coal  at  $2.50 
per  ton  and  electricity  at  one  cent  per  kw-hr.  to  $102,000  per 
annum  for  coal  at  $2.80  per  ton  and  electricity  at  0.8  cent  per 
kw-hr. 

The  calculations  also  show  equally  definitely  that  with  coal 
at,  say,  $2.00  per  ton  and  electricity  at  two  cents  per  kw-hr.  or 
thereabouts,  it  would  be  futile  to  consider  electrification  as  a 
means  of  increasing  the  net  earnings  with  traffic  of  this  nature. 

Consequently  the  merits  of  a  proposal  to  electrify  such  a  line 
may  often  be  contingent  upon  the  presence  in  the  vicinity  of  a 
large  system  suppljdng  electricity  for  miscellaneous  power  and 
lighting.  From  such  a  system  the  electricity  required  by  the 
railroad  could  often  be  supplied  profitably  at  less  than  one  cent 
per  kw-hr.  delivered  at  the  substations,  as  against  a  cost  which 
might  run  up  to  two  cents  or  more,  if  the  railroad  had  to  provide 
its  own  power  house  for  supplying  exclusively  the  small  quantity 
of  electricity  at  poor  load  factor,  required  for  so  sparse  a  service 
of  trains. 

Let  us,  however,  return  to  the  consideration  of  the  case  on  the 
assumption  that  the  railroad  can  purchase  the  required  electri- 
city at  some  such  price  as  0.8  cent  per  kw-hr.  delivered  at  the 
substations. 

The  total  quantity  of  electricity  annually  required  at  the  sub- 
stations in  the  above  hypothetical  case,  is 

240,000  X  63  =  15.1  million  kw-hr. 

The  cost  of  substations,  feeders  and  contact  conductors,  in 
fact,  of  all  work,  apparatus,  buildings,  structures  and  materials 
required  for  electrification,  in  addition  to  the  10  locomotives, 
would,  for  an  undertaking  of  this  magnitude,  only  amount  to  a 
matter  of  some  $600,000,  more  or  less.  Of  course  the  precise 
circumstances  of  each  case  would  greatly  affect  this  total. 

It  may  have  been|observed  that  no  reference  has  yet  been  made 

i^iyiLi/^cu  uy    -^.^ — "  v_^  '^^^  J^  Iv, 
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in  this  paper  to  the  weight  of  the  electrical  apparattis  constituting 
the  motive  power  and  control  eqtripment  of  the  locomotives. 
For  the  examples  considered,  there  has  been  no  occasion  to  intro- 
duce this  factor.  The  weight  of  the  complete  electrical  equipment 
for  the  2400-volt  system  runs  only  to  a  matter  of  some  55  lb. 
per  horse  power  of  continuous  capacity.  In  fact  the  electrical 
equipment  of  the  Butte  locomotive  weighs  only  53,000  lb.  out 
of  a  total  weight  of  160,000  lb.  Each  80-ton  locomotive  has  a 
continuous  capacity  for  maintaining  a  drawbar  pull  of  25,000  lb. 
at  15  noiles  per  hour.  This  corresponds  to  a  drawbar  output  of 
1000  h.p.  or  an  output  at  the  drivers  slightly  in  excess  of  1000  h.p. 
This  brings  the  weight  down  to  some  50  lb.  per  horse  power  of 
continuous  output  at  the  drivers. 

The  significance  of  the  low  weight  of  electrical  equipment 
is  that  there  is  ample  margin  to  obtain  the  horse  power  capacity 
required  at  high  speeds  without  exceeding  the  weight  on  drivers 
necessary  for  obtaining  the  required  drawbar  pull. 

Elbctripication  op  a  96-mile  Single-Track  Mountain- 
Grade    Division    op    a    Main-Line    Railway 

Let  us  now  consider  the  electrification  of  a  link  in  a  main-line 
railway,  which  consists  of  a  motmtain-grade  division  96  miles 
long.  At  certain  seasons  of  the  year  there  is  experienced  at  this 
link  a  congestion  of  freight  traffic  of  so  severe  a  nature  that  it 
becomes  necessary  to  divert  to  other  routes  of- much  greater 
length  a  large  percentage  of  the  available  freight.*  The  divi- 
sion is  single-tracked  with  15  sidings  at  an  average  distance  of 
six  miles  apart,  thus  dividing  the  96  miles  into  sixteen  sections 
of  varying  length  but  averaging  six  miles  each.  The  character 
of  the  route  is  such  that  double  tracking  would  involve  enormous 
expense.    This  is  often  the  case  on  mountain-grade  divisions. 

The  trains  negotiate  an  altitude  of  3800  ft.  in  48  miles  and 
return  to  the  original  level  in  the  remaining  48  miles.  Thus  the 
average  gradient  is 

3800  X  100       ,   ^ 
^8X5280- =  ^^P^^""^' 

The  ruling  gradient  is  2 . 2  per  cent.  'There  are  occasional  2 . 5 
per  cent  gradients  but  these  are  so  short  that  they  may  be  dealt 

9.  While  the  extent  of  the  freight  congestion  assumed  in  this  example 
18  doubtless  extreme,  the  rapidly  expanding  freight  business  of  the  country 
is  leading  to  conditions  of  this  order  of  seriousness. 
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with  as  "  momentum  gradients  "  and  are  not  determinants  in 
arriving  at  the  correct  powering  of  the  trains. 

It  is  proposed  that  electric  locomotives  shall  carry  over  this 
division  trains  of  weights  ranging  from  900  to  1800  tons  (ex- 
clusive of  the  weights  of  the  locomotives),  and  that  while 
ascending,  the  average  speed  between  stops  shall  be  12  miles  per 
hour.  Where  the  grade  is  in  excess  of  the  average  value  of  1 . 5 
per  cent,  the  speed  will  be  less  than  12  miles  per  hour,  and  for 
gradients  of  less  than  1 . 5  per  cent  the  speed  will  be  in  excess  of 
12  miles  per  hour.  The  range  of  variation  will,  however,  be  only 
of  the  order  of  from  9  to  15  miles  per  hour.**  Ascending  trains 
will  be  operated  over  the  main  track,  and  the  ntmiber  of  stops 
will  be  reduced  to  a  minimum.  Descending  trains  will  be 
operated  at  slightly  higher  speeds  in  order  that  they  may  be  out 
of  the  way  in  the  sidings  when  the  ascending  train  arrives.  Ob- 
viously on  the  basis  of  an  average  speed  of  12  miles  per  hoiu*,  the 
96-mile  journey  would  require  8  hours  were  the  ascending  train 
to  make  no  stops.  On  this  admittedly  theoretical  hypothesis,  and 
with  trains  in  each  direction  simultaneously  occup3ring  alternate 
sections  between  sidings,  the  96-mile  division  could  contain  sim- 
ultaneously 8  trains  traveling  in  each  direction,  (or  a  total  of 
16  trains),  and  trains  could  be  sent  into  the  division  from  each 
end  of  the  division  at  the  rate  of  one  per  hoiu*.  Thus  there  could 
be  24  trains  passed  over  the  division  in  each  direction  per  day. 
This  leads  us  to  the  (theoretically)  limiting  capacity  of 

48  X  96  «  4600  train-miles  per  day 

In  practise,  however,  after  making  reasonable  allowances  for 
imequal  distances  between  sidings,  variations  in  speed  due  to 
varying  grades  and  curves,  delays  at  the  terminals  of  the  96- 
mile  division,  inevitable  stops  even  of  the  ascending  trains,  and 
other  causes  for  irregularity,  the  practical  Uniit  of  the  capacity 
of  the  division  may  be  taken  as  of  the  order  of 

(0.76  X  48)  X  96  =  36  X  96  =  3460  train-miles  per  day 

This  is  on  the  basis  that  there  shall  be  only  (36/2  »  )  18  trains 
instead  of  24  in  each  direction  per  day. 

Traffic  of  this  intensity  will,  however,  occiu"  only  during  100 
days  in  the  year.  For  the  remaining  265  days,  the  freight  to  be 
transported  will  require  only  the  equivalent  of  twenty-four  900- 

10.  A  few  passenger  trains  will  be  sent  over  the  division  every  day.  But 
to  simplify  the  investigation,  it  will  be  assumed  that  these  are  taken  into 
account  by  their  equivalent  in  freight  traffic. 
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ton  trains  per  day,  or  twelve  900-ton  trains  in  each  direction, 
whereas  for  the  100  days  of  dense  traffic,  the  36  trains  per  day 
will  each  represent  1800  tons  behind  the  drawbar. 

Thtis  there  will  be  transported  annually  over  the  division  a 
total  tonnage  behind  the  drawbar,  amounting  to  100  X  36  X 1800 
+  265  X  24  X  900"  =  6,500,000  +  6,700,000  =  12,200,000  tons, 
or  96  X  12,200,000  =»  1,170,000,000  ton-miles. 

Making  reasonable  allowance  for  the  weight  of  the  cars  and 
for  empty  and  lightly-loaded  cars,  we  may  take  one-half  of  this 
load  behind  the  drawbar  as  revenue  tonnage.  The  paying  load 
will  thus  amount  to  6,100,000  tons  per  annum  or  96  X  6,100,000 
«  585,000,000  ton-miles. 

On  the  basis  of  an  average  rate  of  0.75  cent  per  ton-xmle, 
the  gross  receipts  amount  to  585,000,000  X  0.0075  ==  $4,390,000 
per  annum  or  $45,600  per  mile  of  railway." 

The  requirements  of  the  railway  as  regards  number  and  size 
of  locomotives  must  be  based  on  the  seasons  of  dense  traffic.  On 
the  ruling  grade  of  2. 2  per  cent,  an  1800-ton  train  will  require  a 
drawbar  pull  of  (2.2  X  20  +  8)  X  1800  =  94,000  lb. 

Drawbar  Pull 
Adding  a  further  36  per  cent  in  order  to  have  a  safe  margin 
for  increased  jotimal  friction  in  cold  weather,  for  adverse  winds 
and  for  severe  curves,  we  arrive  at  the  value  of  1 .  36  X  94,000 
=  128,000  lb.  as  the  drawbar  pull  which  should  be  available  wh6n 
dealing  with  1800-ton  trains  on  this  division.  Providing  a  loco- 
motive at  each  end  of  the  train  then  each  of  these  two  locomotives 
will  require  to  have  sufficient  reserve  capacity  for  exerting  a  draw- 
bar pull,  or  push,  of 


(i28^)^  64,0001b. 


On  the  basis  of  a  coefficient  of  adhesion  of  0 .  20,  each  locomotive 
must  have  a  weight  on  drivers  of 

64,000  ,^^^ 
-  160  tons 


0.20  X  2000 


11.  It  is  shown  on  the  following  page  that  the  1800- ton  trains  will  re- 
quire two  locomotives  and  the  900-ton  trains,  one  locomotive,  conse- 
quently the  annual  locomotive-mileage  is  equal  to  96  X  100  X  36  X 
2+96X265X24X1-  690,000  -f  610,000  -  1,300.000. 

12.  It  is  recognized  that  this  is  a  high  figure,  but  it  is  consistent  with 
the  hypothesis  of  a  congested  link  in  an  extensive  railway  system-r^p^p^^T^ 
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Thus,  so  far  as  relates  to  the  provision  of  the  required  tractive 
effort,  the  160-ton  Butte  locomotives  already  described  in  this 
paper  are  appropriate  for  use  on  this  96-mile  mountain-grade 
division. 

The  drawbar  pull,  when  accelerating  from  rest  (at  the  rate  of 
one-tenth  of  a  mile  per  hour  per  second)  on  the  average  gradient 
of  1.5  per  cent,  will  be  (1.5  X  20 +  10  +  10)  X  1800  =  90,0001b. 
or  only  69  per  cent  of  the  maximum  drawbar  pull  (128,000  lb.) 
available  with  a  coefficient  of  adhesion  of  0 .  20.  When  desirable, 
an  acceleration  of  over  a  quarter  of  a  mile  per  hoiu*  per  second 
may  be  imparted  to  an  1800-ton  train  on  the  average  grade. 

When  working  the  line  to  its  utmost  capacity,  (».«.,  with  a 
descending  train  in  every  other  length  between  sidings  and  an 
ascending  train  in  each  intermediate  length  between  sidings  (each 
train  having  a  weight,  exclusive  of  locomotives,  of  1800  tons) 
there  would  be  simultaneously  traversing  the  division  16  trains 
and  32  locomotives.  It  has  already  been  explained  that  practical 
limitations  will  cut  this  down,  either  as  regards  the  number  of 
trains  simultaneously  present  in  the  division  or  as  regards  the 
maintenance  of  the  journey  speed  of  12  miles  per  hour  for  the 
96-xnile  run.  The  actual  shortage  will  be  due  partly  to  each  of 
these  two  factors.  With  due  allowance  for  additional  locomotives 
to  be  available  in  making  up  trains  at  the  terminals  before  enter- 
ing the  96-mile  division,  and  for  spare  locomotives,  there  should 
be  provided  a  total  equipment  of  48  locomotives  of  160  tons  each." 
This  total  niunber  of  locomotives  is  determined  upon  to  meet  the 
requirements  of  the  100  days  of  dense  traffic.  A  considerable 
percentage  of  the  48  locomotives  will  be  in  excess  of  the  require- 
ments of  the  remaining  265  days  of  the  year  and  will  be  enforcedly 
idle. 

When  handling  an  1800-ton  train  at  a  speed  of  12  miles  per 
hotu*  on  a  1 . 5-per  cent  grade,  we  have 


12  X  5280  X  90,000       ^^^^.         ^  ^,      ,       , 
60  X  33,000         =  ^^  *^P-  ^^  ^^^ ^^^^^ 


13.  With  the  mean  value  of  28  locomotives  (14  trains)  simultaneously 
occup3ring  the  96-mile  section,  there  remain  (48 — 28)  »  20  locomotives. 
With  four  undergoing  repairs,  we  have  16  available  at  termini,  8  at  each 
end.  Since  these  locomotives  are  double-ended,  there  will  be  much  less 
time  occupied  than  with  steam  locomotives  in  making  up  trains  in  readi- 
ness to  be  sent  into  the  division.  ^  t 
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This  will  be  subdivided  between  the  two  l^O-ton  locomotives, 
and  each  will  deliver  1440  h.p.  at  the  drawbar,  or 

^g^^^X  1440  =  1700  h.p. 

at  the  rims  of  the  drivers. 

Each  locomotive  has  eight  motors  (one  on  each  of  the  eight 
driven  axles) ;  consequently  the  output  per  motor  when  ascend- 
ing the  1.6  per  cent  grade  at  12  miles  per  hour,  is  1700/8  =  213 
h.p. 

Since  this  output  of  213  h.p.  is  the  average  load,  the  work  is 
seen  to  be  well  within  the  capacity  of  the  equipment  on  the  Butte 
locomotives,  for  on  those  locomotives  each  motor  has  a  continu- 
ous capacity  of  260  h.  p.  when  cooled  by  the  forced  circulation 
of  air  through  it. 

Weight  behind  Drawbar 
In  making  up  an  estimate  of  the  total  annual  traffic,  we  have 
arrived  at  the  figure  of  12,200,000  tons  as  the  weight  behind  the 
drawbar  passing  annually  over  the  division.    Since  we  employ 
a  160-ton  locomotive  for  every  900  tons,  we  shall  have 

12,200,000        ,o^nAi  ^'      • 
=  13,600  locomotive-journeys 


900 
over  the  division  per  annum, 

13  600 

or  ^ —  =  284  journeys  per  locomotive. 

Thus  as  an  average  for  each  one  of  the  48  locomotives  we  have  a 
performance  of  96  X  284  =  27,200  miles  per  annum." 

This  is  not  to  be  taken  as  indicating  an  average  mileage  of 
27,200/12  «  2260  miles  per  locomotive  for  each  of  the  12  months 
in  the  year.  On  the  contrary,  during  the  months  of  heavy 
traffic  this  will  be  greatly  exceeded  and  during  the  months  of 
light  traffic  a  considerable  proportion  of  the  locomotive  equip- 
ment will  be  idle  and  the  average  mileage  per  month  per  loco- 
motive will  fall  greatly  below  2260  miles. 

14.  In  the  footnote  No.  11 »  we  have  already  arrived  at  the  figure  of 
1.300,000  iocomotive-miles  per  annum.  We  have  1,300,000/48  =  27,200 
miles  per  locomotive  per  annum,  thus  checking  the  above  result  in  the 
body  of  the  text.  ^-^  ^ 
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At  the  speed  of  12  miles  per  hour  (96/12  =  )  8  hotirs  would  be 
occupied  by  the  journey,  and  each  locomotive  would  spend 
286  X  8  =  2288  hours  per  annum  on  the  96-mile  division.  But 
what  with  the  decreased  speed  due  to  delays  and  the  large  amount 
of  time  occupied  at  terminals  in  making  up  trains,  each  locomo- 
tive would  be  in  service  with  its  crew  for  1 . 5  X  2288 = 3440  hours. 
On  the  basis  of  eight-hour  shifts  and  two  men  per  crew,  and  an 
average  wage  of  $6.00"  per  day,  the  wages  per  locomotive  amount 

to  Q44Q 

—^  X  2  X  6.00  =  $5150  per  annum 

515,000  ,o  n        ^         1  X-  M 

or     ^  ^^^      =18.9  cent  per  locomotive-mile 

Repairs  and  maintenance  per  locomotive  amount  to  0.04 
X  1.6  X  27,200  =  $1740  per  annum  or  4  X  1.6  =  6.4  cents  per 
locomotive-mile. 

On  the  rough  basis  of  $460  per  ton,  we  may  take  the  price  of 
each  locomotive  as  160  X  450  =  $72,000. 

The  48  locomotives  run  to  a  total  inital  outlay  of  48  X  72,000 
»  $3,460,000. 

Taking  interest,  taxes,  insurance  and  amortization  as  aggre- 
gating 12.6  per  cent  on  the  investment  for  locomotives,  these 
charges  for  each  locomotive  amount  to  72,000  X  0. 126  =  $9060 
per  annum. 

Cost  per  Locomotive 

(This  is  on  the  basis  of  interest  at  5  per  cent,  taxes  1 . 5  per 
cent,  insurance  1.5  per  cent,  and  a  life  of  15  years). 
Thus  we  have,  per  electric  locomotive  per  annum 

I. — Wages  of  locomotive  crews $5150 

II. — Repairs  and  maintenance 1740 

III. — Interest,  taxes,  insurance,  amortization 9060 

Total  of  above  three  items $15,950 

For  the  48  locomotives,  this  comes  to  a  total  of 
48  X  15,950  =  $766,000. 

16.  The  crew  of  each  locomotive  will  consist  of  an  engineer  and 
his  mate.  The  latter  accompanies  the  engineer  on  general  principles 
relating  to  safety  in  the  event  that  the  engineer  should  be  incapacitated 
from  any  cause.  The  engineer  will  receive  a  higher  wage  than  this  average 
of  $6.00  for  the  crew,  and  the  mate  will  receive  less  than  this  average. 
The  average  figure  of  $6.00  is  high  when  taken  in  connection  with  the 
schedules  at  present  in  force,  but  its  employment  in  this  comparison  is 
consistent  with  the  purpose  to  favor  steam-locomotive  methods  at  all 
points  where  the  reasonableness  of  the  assumption,  qq^^^  X^  questioned. 
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Now  let  us  estimate  the  amount  of  electricity  consumed  by  the 
locomotives.  On  the  ascent,  the  power  averages  2880  h.p.  at 
the  drawbar  or  3400  h.p.  from  the  motors. 

The  average  consumption  by  the  locomotives  works  out  at 

3400  X  0.746       ^^^^, 
OT =  2920kw. 

During  the  ascent,  electricity  is  drawn  from  the  line  only  during 
48/12  =  )  4  hours,  notwithstanding  that  the  ascent  is  only 
accomplished  in  a  greater  time  than  this. 

The  energy  consumed  during  the  ascent  is 

4  X2920  =  11,700  kw-hr. 

No  return  of  energy  to  the  line  will  be  credited  to  the  loco- 
motives during  the  descent;  on  the  contrary,  an  allowance  of  600 
kw-hr.  will  be  made  for  occasional  applications  of  power. 

Energy  constmied  by  locomotives  during  descent  =  600  kw-hr. 

Total  constunption  of  energy  by  locomotives  for  96-mile 
journey  with  1800-ton  train, 

11,700  -F  500  «  12,200  kw-hr. 

For  the  900-ton  trains,  the  consumption  per  journey  will  be 

J^^  =6100  kw-hr. 


There  are  100  X  36  =  3600  journeys  per  annum  with  1800- 
ton  trains  and  265  X  24  =  6360  journeys  per  annum  with  900- 
ton  trains. 

Thus  the  total  constmiption  at  the  locomotive  is 
3600  X  12,200  -f-  6360   X  6100   =   44,000,000  +  39,000,000 

=  83,000,000  kw-hr.  per  anniun 

Increasing  this  by  25  per  cent  (t.c.,  by  21,000,000  kw-hr.),  to 
104,000,000  kw-hr.  per  annum  to  allow  for  terminal  move- 
ments and  for  heating  of  locomotives  and  as  a  margin  of  safety, 
and  taking  at  0.93  the  annual  eflSciency  from  the  substations 
to  the  trains,  we  obtain  for  the  output  from  the  substations 


104 

Q-^  =  112  million  kw-hr.  per  annum. 
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The  annual  over-all  eflSciency  of  the  substations  may  be  taken 
at  78  per  cent.    Consequently  the  input  to  the  substations  is 

r-=g  «  144  million  kw-hr.  per  annum. 

On  the  basis  of  a  price  as  delivered  to  the  substations,  of  0. 70 
cent  per  kw-hr.,  the  outlay  for  electricity  is 

144,000,000  X  0.0070  =  $1,010,000  per  annum. 

Per  locomotive,  this  works  out  at 

^"^"^^  ^  $21,000 


48 

or 

2,100,000        ^o       ,         '  ,.         ., 

— „  onn —  ~       cents  per  locomotive-mile. 

As  to  the  overhead  contact  line,  the  rail  bonding  and  the  feeder 
copper,  these  will  be  covered  liberally  by  an  outlay  of  $8500  per 
mile.    Allowing  for  sidings,  the  total  outlay  will  be  $900,000. 

Finally,  there  will  be  required  four  substations,  each  for  an 
annual  output  of  28,000,000  kw-hr. 

On  the  basis  of  a  load  factor  of  0.25,  the  maximum  load  on 
each  substation  will  be 

28.000,000      _    12^800  kw. 


8750  X  0.25 
The  average  load  per  substation  will  be  only  some 

These  substations  will  cost,  complete,  with  step-down  transform- 
ers and  motor-generators,  some  $160,000  per  substation  or 
$640,000  for  the  fotir  substations. 

Takinginterest, maintenance,  taxes,insurance,amortization,and 
labor  for  attendants,  and  linemen,  as  amotmting  to  16  per  cent^* 

16.  The  criticism  may  be  raised  that  this  $246,000  should  be  considered 
in  detail.  To  do  so  would  only  introduce  uninteresting  calculations.  The 
item  is  relatively  so  small  that  it  can  consistently  be  dismissed  without 
further  comment  than  to  point  out  that  it  includes  an  allowance  of  some 
$50,000  for  wages  of  substation  attendants,  inspectors  and  linemen. 
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on  this  outlay  of  (900,000^640,000)    =    $1,640,000,  we  ar- 
rive at  a  charge  of 

(0.16  X  1,540,000  =)  $246,000  per  annum 
or 

246,000        .--„^        / 
jx —  =  $5130  per  locomotive, 

or 

ojofiii     ~  18.8  cents  per  locomotive-mile. 

Thus  for  those  annual  outlays  which  are  other  for  electric 
working  than  they  are  for  steam  working,  we  have: 

Loco,  wages,  repairs  and,  maintenance 
interest,  taxes,  insurance,  amortiza- 
tion       $766,000   per  annum 

Electricity 1,010,000      «       « 

Substations  and  distributing  system 246,000      "       *• 


Total $2,022,000 


«       « 


Cost  with  Steam 

Now  how  does  the  case  stand  with  steam?  Let  us  assume  that 
a  250-ton  Mallet  locomotive  can  handle  a  load  of  600  tons  behind 
the  drawbar  over  this  division  with  the  same  speed  when  in 
motion,  as  the  160-ton  electric  locomotive  with  its  900-ton  load.*'-*. 
Then  when,  as  at  times  of  densest  traffic,  it  is  desired  to  carry 
freight  in  1800-ton  trains,  we  shall  require  three  250-ton  Mallets 
as  against  two  160-ton  electric  locomotives. 

The  average  load  at  the  drawbar,  if  equally  subdivided 
amongst  the  three  Mallets,  is 

^  =  960  h.p.  per  Mallet 
The  drawbar  pull  is  equal  to 

/960  X  33,000  X  60\       ^^^^„ 
V 12-X~5280— ;  ^  30,0001b. 

17.  This  is  crediting  the  Mallets  with  a  higher  speed  for  such  loads  than 
they  can  maintain.  Nevertheless  it  is  desired  to  err  on  the  side  of  favoring 
the  steam  locomotive  whenever  there  is  room  for  divergence  of  opinion^-^  ^ 
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This  corresponds  to  an  output  from  the  cyKnders  of 
(600  +  250)  X  960 


600  X  0.76 


ISlOi.h.p. 


The  fuel  will  be  Western  lignite  of  a  calorific  value  of  11,000 
B.t.u.  (4 .  32  h.p-hr.)  per  pound  and  the  constimption  will  be  five 
lb.  per  i.h.p. 

The  coal  consumption  for  a  speed  of  12  miles  per  hr.  and  for 
600  tons  behind  the  drawbar,  thus  amotmts  to 

1810  X  5      ^^^„  ,  ,.         ., 
Trt =  765  lb.  per  locomotive-mile. 

But  this  result  is  arrived  at  on  the  basis  that  there  is  no  waste- 
ful consumption  during  stops.  Unlike  the  electric  locomotive, 
however,  several  stops  will  be  necessary  for  taking  on  water  and 
for  coaling,  and  the  consumption  during  the  ascent  will  be  in- 
creased to  at  least  860  lb.  per  locomotive-mile,  or 

48  X  850  =  40,800  lb.  for  the  ascent.    . 

The  descent  will  occupy  some  5  to  7  hours.  While  the  power 
required  for  propulsion  will  be  negligible  for  most  of  the  descent, 
nevertheless,  steam  must  be  maintained  in  the  boilers,  and  also, 
owing  to  the  high  frictional  resistance  of  Mallet  engines,  power 
will  be  required  for  all  grades  materially  lower  than  the  average 
value  of  1 . 5  per  cent.  Let  us  take  the  coal  constunption  as  400 
lb.  per  hour,  or  (6  X  400  «  )  2400  lb.  for  the  48-mile  descent. 

Thus  the  total  coal  constunption  for  the  locomotive  for  the 
96-mile  journey,  comes  to 

40,800  +  2400  =  43,200  lb. 

This  should  be  increased  by  20  per  cent  to  cover  the  coal 
biuTied  by  the  switching  engines  and  also  by  the  Mallets  diuing 
terminal  movements  before  entering  and  after  leaving  the  96- 
mile  division,  bringing  the  total  to 

1.20  X  43,200  =  62,0001b. 
=  26  tons 
This  is  an  average  of 

=  640  lb.  per  locomotive-mile 


96 

for  the  96-mile  journey 
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At  $2.40  per  ton,  we  have  a  ftill  cost  of 

(540  \ 

^TjT^  X  240  j  =  65  cents  per  locomotive-mile. 

Of  course  it  is  to  be  understood  that  the  terminal  operations 
are  not  executed  by  Mallets  but  by  switching  locomotives.  But 
to  simplify  the  calculations,  the  equivalent  outlay  is  taken  in 
terms  of  Mallets. 

Running  Time 

Attention  must  now  be  drawn  to  the  consideration  that  with 
the  delays  inherent  to  steam  lotomotive  operation,  even  on  the 
favorable  assumption  that  the  speed  with  three  250-ton 
steam  locomotives  and  an  1800-ton  train  may,  when  run- 
ningy  be  taken  equal  to  the  speed  of  two  160-ton  elec- 
tric locomotives  and  an  1800-ton  train,  nevertheless,  the 
running  time  for  the  96-mile  journey,  (together  with  the  increased 
time  consumed  in  making  up  trains  at  terminals  with  single- 
ended  and  cumbersome  steam  switching  engines  as  compared 
with  double-ended  and  simple  electric  locomotives),  will  certainly 
be  at  least  60  per  cent  greater.  Thus  for  the  100  days  of  dense 
trafiSc  when  the  division  is  worked  to  its  utmost  capacity,  the 
train  mileage  is  cut  down  to  two-thirds  of  that  obtained  with 
electric  operation.  The  limiting  capacity  of  the  line  is  thus  re- 
duced to 

|-  X  6,500,000+5,700,000  =  4,300,000+5,700,000  =  10,000,000 

tons 
or  96  X  10,000,000  =  960,000,000  ton-miles. 

Again  taking  one-half  as  revenue  load  and  crediting  it  with  an 
average  rate  of  0. 75  cent  per  ton-mile  we  ascertain  the  gross  re- 
ceipts to  be 

480,000,000  X  0.0075  =  $3,600,000  per  annum, 
$37,500  per  mile  of  railway. 
We  have  seen  that  for  600  tons  behind  the  drawbar  of  each  loco- 
motive, the  coal  consumption  to  be  debited  to  the  entire  journey 
works  out  at  540  lb.  per  locomotive  mile. 
This  is 

540 


or 


^00  ~  ^  •  ^^  ^^'  P^  revenue  ton-mile, 


1  80 

^^  X  480,000,000  =  432,000  tons  per  annum. 
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At  $2.40  per  ton,  the  annual  outlay  for  fuel  amounts  to 

2.40  +  432,000  -  $1,040,000. 

The  large  amount  of  time  required  for  cleaning,  overhauling, 
repairing,  adjusting  and  generally  looking  after  the  welfare  of 
the  steam  locomotives  renders  it  very  liberal  to  credit  each  steam 
locomotive  with  an  annual  performance  of 

^^^^50_  _  18,100  tniles^« 


1.50 


as  against  each  electric  locomotive's  27,  200  miles  per  annum. 

On  the  other  hand,  during  the  265  days  of  light  traffic  it  will  be 
fair  to  estimate  that  one  steam  locomotive  shall  hatil  a  900-ton 
train  at  a  slower  speed,  instead  of  hauling  a  600-ton  train  at  the 
higher  speed  at  which  an  electric  locomotive  hauls  a  900-ton 
train.  Since  during  these  266  days  the  line  is  not  worked  up  to 
its  physical  limitations,  the  disadvantage  of  this  plan  is  chiefly 
confined  to  the  greater  outlay  for  wages  per  locomotive-mile. 
No  greater  outlay  for  wages  on  this  score  will,  however,  be 
debited  against  the  steam  locomotive  in  this  comparison. 

The  total  steam  locomotive  mileage  during  the  100  days  of 
heavy  traffic  is 

96  X  100  X  24  X  3  =  690,000  miles. 

During  the  remaining  265  days  the  steam  locomotive  mileage 
amotmts  to 

96  X  265  X  24  X  1  =  610,000  miles. 

The  total  steam  locomotive  mileage  per  anntun  is  thus 

690,000  +  610,000  ==  1,300,000 

Consequently  we  must  provide 

1,300,000        -«  xjt  u  .1 
'      '^ —  «  72  Mallet  locomotives 

Each  weighs  250  tons  and  may  be  taken  as  costing  $45,000. 
Thus  for  the  outlay  for  locomotives  we  have 

72  X  45,000  =  $3,240,000. 

18.  This  works  out  at  an  average  of  18,100/365  =50  miles  per  day  aver- 
aged over  the  entire  year.  This  figure  is  higher  than  that  for  any  Mallets 
of  which  I  have  records,  when  operating  on  severe  mountain-grade  divi- 
sions. 
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Allowing,  as  with  the  electric  locomotives,  12.6  per  cent  to 
cover  interest,  taxes,  insiirance  and  amortization,  we  arrive  at 
an  annual  charge  of 

0. 126  X  45,000  »  S5660  per  locomotive 
or 

^!.^   =31.3  cents  per  locomotive-mile. 

Each  of  the  72  locomotives  makes 

1,300,000      -oo  . 
^  ^  y2  "^  ^^  journeys  per  annimi. 

Were  only  (96/12  »  )  8.0  hours  occupied  by  the  96-mile 
journey,  then  each  locomotive  would  spend 

188  X  8  s  1504  hours  per  annum 

on  the  96-mile  division.  But  there  must  be  taken  into  account 
the  decreased  speed  due  to  delays  during  the  journey ''and  also 
the  great  amount  of  time  consumed  in  making  up  trains  at  ter- 
minals. This  handicaps  operations  with  single-ended  steam 
locomotives  much  more  than  with  readily  and  promptly  oper- 
ated double-ended  electric  locomotives.  It  will  be  reasonable 
to  assign  to  each  steam  locomotive  an  annual  period  of 

2  X  1504  =  3008  hours 

of  service  with  its  crew.  The  crew  of  the  steam  locomotive  will 
conast  of  an  engineer  and  a  fireman  working  on  eight-hour  shifts. 
On  the  basis  of  an  average  wage  of  S4.50per  day,  (the  engineer  re- 
ceiving mare^  and  the  fireman  less  than  this  average),  the  out- 
lay for  wages  for  each  steam  locomotive,  amotmts  to 

3008 

X  2  X  4.50  =  $3380  per  annum. 


or 


8 

338,000 
18,100 


18 . 7  cents  per  locomotive-mile 


Cost  with  Mallets 
It  will  be  noted  that  in  estimating  the  wages  for  each  Mallet, 
it  is  assumed  that  only  one  fireman  will  be  required.  However, 
we  have  already  seen  that  40,800  lb.  of  coal  will  be  burned 
during  the  48-mile  ascent.    If  this  ascent  is  accomplished  in  5         , 
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hours,  the  coal  consumption  amounts  to  8200  lb.   per  hour; 
if  in  6  hours,  6800  lb.  per  hour.     It  is  often  maintained  that 
two  firemen  should  be  provided  when  it  is  required  to  fire  such 
great  hourly  quantities  of  coal. 
Repairs  and  maintenance  per  locomotive  amount  to 

0.10  X  2.5  X  18,100  =  $4250  per  annum 
(This  is  on  the  basis  of  10  X  2 . 6  =  25  cents  per  locomotive-mile) 
Thus  per  steam  locomotive  per  anntmi  we  have 

I .  Wage  of  locomotive  crews $3380  per  annum 

II .  Repairs  and  maintenance 4260   '^        " 

III.  Interest, taxes, insurance,amortization.      6660    '^        * 

Total  of  above  three  items $13,290.    "        *" 

For  the  72  locomotives  we  have 

72  X  13,290  «  $956,000. 

Bringing  together  the  annual  outlays  which  should  be  com- 
pared with  those  previously  set  forth  as  relating  to  equivalent 
operation  by  electricity,  we  have 

Locomotive  wages,  repairs,  maintenance, 
interest,  taxes,  insurance,  and  amortiza- 
tion     $956,000.  per  annum 

Coal 1,040,000    «         « 

$1,996,000*  ^ 
But,  whereas  the  electrical  outlay  of  $2,022,000  per  annum 
was  associated  with  a  revenue  of  $4,390,000  per  annum,  leaving 
a  difference  of  $2,368,000  per  anntun  to  be  applied  to  the  out- 
lays common  to  both  systems  and  to  reserves,  the  correspond- 
ing steam  outlay  of  $1,996,000  per  annum  is  associated  with 
the  reduced  revenue  of  only  $3,600,000  per  annum,  leaving 
a  difference  of  only  $1,604,000  to  be  applied  to  residual  out- 
lays and  to  reserves. 

1,604,000    ^ 
2,368,000 

Thus  the  residual  amount  with  steam  is  only  68  per  cent  of  that 
with  electricity. 

*No  charge  is  made  to  cover  outlays  for  round-houses,  water  tanks, 
structures  for  coal  stores  and  other  works  incident  to  steam  locomotive 
operation  and  not  required  when  electric  locomotives  are  adopted. 
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It  will  be  agreed  that  the  correct  basis  for  estimating  the  com- 
mercial results  to  accrue  from  electrical  operation  is  to  compare 
all  those  items  which  are  affected  by  the  use  of  electricity  in- 
stead of  steam.  This  is,  however,  inconsistent  with  the  reten- 
tion of  the  forms  which  have  become  customary  in  analyzing  the 
results  of  steam  operation.  Consequently,  as  of  probable  interest, 
the  locomotive  operating  expenses  per  locomotive-mile  are 
tabulated  below. 

Operating  expente  in  cents  per 
locomotive-mile 

Steam  locomotive     Blec.  locomotive 

Fuel 66.0  0 

Blectrictty 0  78.0 

RefMdrs 20.0  6.6 

Wages 18.7  18.9 

Bngine  house  expenses 3.6  0 

Lobricants 0.9  0.6 

Stores 0.6  0.3 

106.7  103.3 

These  figures  only  apply  to  the  particular  96-mile  mountain 
division  which  has  constituted  the  subject  of  our  analysis  and  to 
the  particular  prices  employed  for  coal  ($2.40  per  ton)  and  elec- 
tricity (0.70  cent  per  kw-hr.) 

For  the  electric  proposition  there  is  an  average  load  of  900 
tons  behind  the  drawbar  for  every  electric  locomotive.  But 
from  the  data  previously  given  we  see  that  the  average  load  be- 
hind the  drawbar  for  the  steam  locomotive  is  only 

960,000,000         ^.^^ 
1,300,000       -740  tons. 

Consequently  to  reduce  the  locomotive  operating  costs  to 
comparable  terms  let  us  take  as  a  standard  of  reference  100  tons 
behind  the  drawbar.  We  then  have  steam  locomotive  operating 
costs  per  mile 

(108  7\ 
■    '   j  =  14.7  cents  per  100  tons  behind  drawbar. 

Electric  locomotive  operating  costs 

(103  3\ 
"TTfPT  1  «  1 1 . 6  cents  per  100  tons  behind  drawbar. 

Let  us  look  at  the  costs  per  locomotive-mile,  per  total  train- 
mile  and  per  100-ton-miles  behind  the  drawbar  for  the  1800^3  qqIc 
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train  which  we  have  more  partictilarly  investigated.  This  re- 
qtiired  three  250-ton  Mallets  or  two  160-ton  electric  locomotives, 
bringing  up  the  total  train  weights  in  the  two  cases  to  (3  X  250 
+  1800  =.  )  2550  tons  and  (2  X  160  +  1800  «  )  2120  tons  re- 
spectively. 
The  results  are  set  forth  in  the  following  table: 


operating  expense  in  cents  per  mile 

Per  steam 
locomotive 

Per  elec. 
locomotive 

Per  steam 
train 
(3  loco- 
motives) 

Per  elec. 

train 
(2  loco- 
motives) 

Steam 
operation 

Electric 
operation 

Per  100 
tons  be- 
hind draw- 
bar 

Per  100 
tons  be- 
hind draw- 
bar 

Fuel  or  electricity 

Repain 

Wagea 

65.0 
20.0 
18.7 

3.6 
0.0 
0.6 

108.7 

per  loco. 

mile 

78.0 

5.6 

18.9 

0 

0.5 

0.3 

103.3 

per  loco. 

mile 

195.0 
60.0 
66.1 

10.6 
2.7 
1.8 

326.1 

per  train 

mUe 

156.0 
11.2 
37.8 

0 

1.0 

0.6 

206.6 

per  train 

mile 

10.8 
3.3 
3.1 

0.6 
0.2 
0.1 

18.1 

per  100 

ton-miles 

behind  the 

drawbar 

8.7 
0.6 
2.1 

0 

0.1 

0.1 

11.6 
per  100 
ton-milea 
beindthe 
drawbar 

Engine  houte  ez- 

Penw 

Lubfieanta 

Storea 

Totals 

Digitized  by 


Google 


A  p^ptr  pr€S€nUd  at  ilu  2S3d  UttUng  of 
ike  American  InsiUmte  of  EUctrical  Bngitutrt, 
fiew  York,  May  20.  1913. 

Copyright  1918.    By  A.I.B.B. 


TRUNK  LINE  ELECTRIFICATION 


BY  CHARLBS  P.  KAHLBR 


The  object  of  this  paper  is  to  show  the  effect  of  the  substitu- 
tion of  electric  motive  power  for  steam,  upon  the  operation  of  a 
raiboad,  and  the  comparative  cost  of  operating  a  railroad  by 
steam  and  electric  power;  also  to  outline  general  railroad  condi- 
tions and  show  whether  the  return  on  the  large  investment  neces^ 
sary  for  the  electrification  of  a  steam  railroad  (by  reason  of  the 
lower  electric  operating  expenses  and  increased  passenger  earn- 
ings) will  be  likely  to  warrant  operation  by  electric  power. 

Genbral 
The  great  objection  to  operating  many  of  the  large  steam  rail- 
roads by  electric  power  is  the  extremely  heavy  investment  neces- 
sary for  the  electric  apparatus  and  equipment.  The  ability  of  the 
steam  locomotive  to  handle  railroad  traffic  in  a  very  reliable,  and, 
I  may  also  say,  expeditious  manner,  is  very  well  known,  but  up  to 
date,  railroad  managers  either  have  not  been  convinced  that 
electric  motive  power  is  as  reliable  as  steam  power  or  else  they 
do  not  believe  that  the  improvement  in  the  railroad  service  or  the 
saving  in  operating  expenses  resulting  from  electric  operation  will 
be  great  enough  to  warrant  the  heavy  expenditures  necessary. 
On  most  railroads,  bonds  would  have  to  be  issued  to  cover  the 
cost  of  electrification,  and  the  return  on  the  investment,  by 
reason  of  the  lower  electric  operating  cost,  would  have  to  be 
great  enough  to  pay  the  interest  and  sinking  fund  on  the  bonds, 
and  leave  a  reasonable  profit  besides. 

Reasons  for  Past  Electrification  Work 
Very  little  of  the  past  work  of  steam  railroad  electrification  was 
done  on  account  of  the  financial  return  expected  on  the  money 
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SO  expended.  It  was  the  ability  of  the  electric  locomotive  to 
accomplish  or  do  some  special  work  not  possible  with  the  steam 
locomotive  that  caused  most  of  the  past  work  to  be  done.  The 
first  heavy  electric  railroad  work  in  this  coimtry  was  on  the  B.  & 
O.  R.R.,  where  the  electric  locomotives  were  substituted  for 
steam  locomotives  to  do  away  with  the  smoke  troubles  in  the 
long  Belt  tunnel  extending  under  the  heart  of  Baltimore.  The 
smoke  trouble  with  steam  locomotives  has,  in  fact,  been  one  of 
the  most  important  reasons  for  the  past  progress  in  heavy  electric 
railroad  work.  Steam  locomotives,  with  their  smoke  and  gases, 
could  hardly  do  the  work  of  the  Pennsylvania  electric  locomo- 
tives operating  through  the  tunnels  into  New  York.  The  smoke 
nuisance  is  also  the  principal  reason  that  the  electrification  of  the 
Chicago  terminals  is  beingconsidered  at  present. 

Results  op  Past  Heavy  Electrification  Work 
Irrespective  of  what  caused  the  past  heavy  electric  railroad 
work,  the  actual  operation  of  large  electric  locomotives  showed 
that  they  could  in  some  ways  handle  railroad  traffic  more 
advantageously  than  steam  locomotives.  Also,  it  was  found  that 
electric  locomotives  were  as  reliable  in  operation  as  steam  loco- 
motives. In  fact,  the  published  records  of  the  steam  and  electric 
locomotives  of  the  New  York  Central  Railroad,  the  New  York, 
New  Haven  &  Hartford  Railroad,  and  the  Pennsylvania  Rail- 
road, indicate  that  electric  locomotives  are  probably  even  more 
reliable  in  operation  than  steam  locomotives.  The  published 
records  of  the  above  roads  also  indicate  that  the  quantity  of  fuel 
required  to  generate  power  in  a  steam-electric  plant  for  railroad 
operation  is  much  less  than  the  fuel  required  by  steam  locomotives 
in  the  same  service.  Also,  the  locomotive  repair  expense  was 
found  to  be  much  less  on  electric  locomotives  than  on  steam 
locomotives. 

Further,  as  the  electric  locomotives  do  not  have  to  bother  with 
taking  fuel  and  water,  nor  have  a  boiler  or  fire-box  to  be  cleaned 
out,  they  are  nearly  always  ready  for  service,  and  also  take  less 
time  to  handle  trains  than  steam  locomotives,  especially  on  long 
runs.  The  perfection  of  the  multiple  unit  control  made  the 
number  of  driving  units  which  could  be  controlled  by  one  man 
practically  unlimited  and,  consequently,  it  was  possible  to  make 
the  size  of  electric  locomotives  much  greater  than  steam  loco- 
motives with  the  boiler  limitations. 

The  large  saving  in  operation  and  other  advantages  which  it 
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was  evident  would  result  from  electric  railroad  operation,  caused 
the  manufacturers  and  builders  of  steam  locomotives  to  make 
many  marked  improvements  in  the  steam  locomotive.  The 
Mallet  and  Mikado  types  of  locomotive,  with  all  the  refinements 
for  economic  operation,  resulted  partly  from  the  competition 
between  the  steam  and  the  electric  locomotive.  However,  the 
limitations  imposed  by  the  boiler  of  a  steam  locomotive  are  still 
a  big  disadvantage,  as  any  increase  in  tractive  power  of  a  steam 
locomotive  can  only  be  had  by  lowering  the  speed. 

Another  important  point  in  connection  with  electric  operation 
was  brought  out  by  the  great  success  of  the  interurban  electric 
railways.  The  frequent  passenger  train  service,  and  other  ad- 
vantages possible  on  the  electric  railways,  caused  a  large  increase 
in  the  local  passenger  traffic.  The  passenger  earnings  on  these 
interurban  electric  railways  soon  after  beginning  operation  be- 
came much  greater  than  had  been  obtained  from  the  same  terri- 
tories by  steam-operated  railroads. 

The  gasoline  motor  car  and  the  gas-electric  motor  car  would 
probably  not  have  been  developed  were  it  not  for  the  trolley 
lines  taking  local  passenger  business  away  from  the  steam  rail- 
roads. These  have  been  successful  as  far  as  operation  goes,  but 
although  some  of  the  published  costs  of  operation  are  lower  than 
steam  train  operation,  I  know  of  several  cases  where  the  opera- 
ting and  maintenance  costs  of  the  gasoline  motor  cars  difiEer  very 
little  from  those  of  the  three-car  steam  trains.  The  gasoline  cars 
are  not  as  reliable  as  a  steam  locomotive,  and  I  doubt  if  the  gas- 
electric  cars  are  much  better,  although  they  are  probably  better 
fitted  to  handle  traffic  where  frequent  stops  are  necessary  than 
the  gasoline  cars. 

Efpbct  op  the  Physical  Characteristics  op  a  Railroad  on 
THE  Operating  Expenses 
The  grades,  curvature  and  other  physical  characteristics  of  a 
railroad  have  a  very  important  influence  upon  its  operating  ex- 
penses and  are  usually  very  carefully  studied  by  railroad  men  with 
a  view  of  cutting  down  operating  expenses.  The  reduction  in  the 
number  of  freight  trains  by  cutting  down  the  ruling  grade  is  one 
way  of  reducing  operating  expenses.  The  elimination  of  helper 
engine  districts,  shortening  of  distances,  taking  out  curvattLre, 
and  lessening  the  rise  and  fall  of  grades,  are  other  ways  in  which  a 
great  deal  of  money  is  now  being  expended  on  steam  railroads  to 
lower  the  operating  costs. 
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Ruling  Grade,  The  ruling  grades  are  those  which  limit  the 
weight  of  the  freight  trains.  They  are  not  always  the  maximum 
grades,  because  the  maximtmi  grades  are  often  momentum  grades. 
On  many  steam  railroads  where  the  average  grade  is  low,  the 
heavy  ruling  grades  which  determine  the  weight  and  thereby 
the  number  of  freight  trains,  are  comparatively  short.  If  these 
roads  were  electrically  operated,  the  weight  of  the  freight  trains 
could  in  most  cases  be  made  much  heavier  than  possible  by  steam 
operation,  on  account  of  the  characteristic  of  the  electric  loco- 
motive to  operate  overload  without  dangerous  overheating,  long 
enough  to  get  over  the  short  heavy-grade  sections,  and  on  this 
account  the  ruling  grade  of  an  electrically  operated  railroad  will 
seldom  be  as  great  as  the  ruling  grade  of  a  steam*operated  rail- 
road.   This  will  be  explained  more  in  detail  below. 

Helper  Districts.  Sometimes  in  constructing  a  railroad  on  a 
certain  ruling  grade,  there  are  some  short  sections  where  it  is 
either  impossible  to  build  to  the  established  ruling  grade  or  else 
the  construction  expense  would  be  prohibitive.  In  such  cases, 
helper  districts  are  established  which  require  from  one  to  four 
engines,  in  addition  to  the  regular  road  engine,  to  haul  freight 
trains  with  the  maximum  or  ruling  grade  tonnage  over  them.  For 
instance,  if  the  ruling  grade  of  an  engine  district  is  0.5  per  cent 
and  there  is  a  1.7  per  cent  helper  grade,  while  one  engine  could 
haul  a  freight  train  loaded  for  a  0.5  per  cent  grade  over  the  engine 
district,  two  additional  locomotives  of  the  same  class  as  the  road 
locomotive  would  be  required  to  assist  the  train  over  the  1.7  per 
cent  helper  district.  Only  one  engine  crew  would  be  required 
where  more  than  one  electric  helper  locomotive  is  used,  as  two 
or  more  electric  locomotives  can  be  coupled  together  and  operated 
as  a  single  unit  by  one  man,  while  with  steam  locomotives  as 
many  engine  crews  will  be  needed  as  there  are  steam  locomotives 
used. 

Influencb  of  thb  Locomotive  on  the  Operating  Expenses 

OF  A  Railroad 
The  locomotive  is  directly  responsible  for  from  30  per  cent  to 
40  per  cent  of  the  operating  expenses  of  a  steam  railroad,  the 
principal  items  being  the  fuel  cost,  locomotive  repair  cost,  the 
engine  house  expenses,  and  the  wages  of  the  engine  crew.  In 
addition,  the  locomotive  is  indirectly  responsible  for  a  good  deal 
of  expense,  as  its  tractive  power  determines  the  number  of  freight 
trains,  and  upon  its  reliability  depends  the  expense  due  to  delays 
from  locomotive  failtu-es. 
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The  horse  power  and  tractive  effort  curves  shown  in  Pig.  1, 
for  a  consolidated  steam  freight  locomotive  and  an  electric  loco- 
motive for  freight  service,  illustrate  the  comparative  character- 
istics of  the  two  kinds  of  locomotives.  At  a  speed  of  16.5  miles 
per  hour,  which  is  only  a  little  greater  than  the  usual  average 


10        15       ao        25 
speed  in  miles  per  hour 

Pig.  1 — Curves  Showing  Comparativb  Characteristics  of 
Blsctric  Locomotive  and  Consolidated  Steam  Locomotive  for 
Freight  Service. 


speed  of  freight  trains,  the  tractive  power  of  both  locomotives 
is  equal.  Above  this  speed  the  steam  locomotive  can  exert  a 
higher  tractive  effort  than  the  electric  locomotive,  while  below 
this  speed  the  electric  locomotive  has  the  higher  tractive  effort. 

Thesteam  locomotive  can  exert  the  tractive  effort  shown  by  the 
curve  at  the  higher  speeds  only  for  short  intervals,  on  account 
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of  the  inability  of  the  boiler  to  supply  continuously  the  necessary 
steam.  On  the  other  hand,  the  electric  locomotive  can  not  con- 
tinuously exert  the  high  tractive  effort  shown  by  the  curve  at  low 
speeds,  without  overheating.  The  maximiun  tractive  effort 
which  can  be  continuously  exerted  by  the  electric  locomotive 
with  safety  is  34,600  lb.  at  a  speed  of  16  miles  per  hour. 
Below  this  speed  the  high  tractive  efforts  shown  can  only  be 
used  for  certain  periods  of  time.  Thus,  for  one  hour,  45,000  lb. 
tractive  effort  can  be  exerted  without  overheating  the  motors, 
with  the  speed  at  about  14  miles  per  hotir. 

At  starting,  as  much  as  55,000  lb.  can  be  exerted  by  the  electric 
locomotive,  while  the  steam  locomotive  can,  tmder  favorable 
conditions,  only  exert  a  tractive  effort  of  about  43,000  lb.  at 
starting.  One  of  the  causes  of  the  higher  power  of  the  electric 
freight  locomotive  at  starting  is  that  all  its  weight,  220,000  lb., 
is  on  the  drive  wheels,  while  although  the  steam  locomotive  with 
loaded  tender  weighs  185  tons,  it  has  only  187,000  lb.  on  the  drive 
wheels.  Also  the  coefficient  of  adhesion  is  greater  for  an  electric 
locomotive  than  for  a  steam  locomotive. 

The  foregoing  shows  the  characteristics  of  steam  and  electric 
locomotives  and  should  give  some  idea  of  their  respective  abilities 
to  handle  the  traffic  of  a  steam  trunk  line  railroad.  As  stated 
before,  the  weight  of  the  steam  freight  trains  is  generally  deter- 
mined by  the  ruling  grades.  As  an  electric  locomotive  can  exert 
a  high  tractive  effort  for  short  intervals  without  dangerous 
overheating,  the  average  grades,  which  are  usually  much  lower 
than  the  ruling  grades  for  steam  operation,  have  more  to  do 
with  determining  the  weight  of  electrically  operated  freight 
trains.  Consequently,  an  electric  freight  locomotive  can 
usually  haul  niuch  heavier  trains  than  the  steam  freight 
locomotive  over  the  undulating  grades  usual  on  most  steam 
railroads. 

On  some  engine  districts  the  weight  of  freight  trains  is  governed 
by  the  starting  grades.  Here  also  the  electric  freight  locomotive 
has  the  advantage,  as  all  or  nearly  all  the  weight  is  on  the  drive 
wheels  and  the  starting  capacity  of  any  locomotive  is  usually 
proportional  to  the  weight  on  the  drivers. 

For  passenger  service,  the  higher  tractive  effort  at  starting 
gives  the  electric  locomotive  a  great  advantage,  as  a  higher  rate 
of  acceleration  can  be  obtained.  Also  for  local  passenger  service 
the  higher  starting  power  makes  it  possible  to  maintain  by  electric 
operation  a  much  higher  schedule  speed  with  frequent  stops  to 
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collect  the  passengers  than  could  be  done  with  the  steam  loco- 
motive. 

Competition  for  Different  Classes  of  Railroad  Service 
The  railroad  traffic  may  be  divided  into  six  general  classes: 

1.  Suburban  passenger  traffic. 

2.  Local  or  interurban  passenger  traffic. 

3.  Through  passenger  traffic. 

4.  Local  or  way  freight  traffic. 

5.  Through  or  drag  freight  traffic. 

6.  Manifest  or  time  freight  traffic. 

The  construction  of  electric  trolley  lines  parallel  to  steam 
railroads  in  many  parts  of  the  country,  and  the  operation  of  elec- 
tric motor  cars  at  frequent  intervals,  diverted  nearly  all  of  the 
first  and  second  classes  of  traffic  from  the  paralleling  steam  roads. 
As  the  trolley  cars  can  accelerate  more  quickly  than  the  steam 
trains,  they  can  consequentlymaintainthesameschedulespeedand 
still  make  ntmierous  stops  for  collecting  passengers.  The  cost  of 
operating  the  trolley  lines  ranges  from  12  to  about  22  cents  per  car 
mile  for  the  one  motor  car  trains,  while  it  takes  from  50  cents 
to  SI. 40  per  train  mile  for  steam  operation.  Consequently,  the 
interurban  electric  lines  can  not  only  maintain  a  better  service 
than  the  steam  roads,  but  also  they  can  afford  to  charge  less  fare 
than  the  steam  railroads,  and,  as  a  result,  they  get  nearly  all 
the  local  passenger  business  and  in  addition  create  a  new  class 
of  traffic.  It  has  been  demonstrated  many  times  that  an  electric 
line  will,  on  account  of  the  better  service  it  maintains,  get  a  much 
larger  local  passenger  traffic  out  of  a  territory  than  a  steam  rail- 
road usually  does. 

At  the  present  time  the  electric  lines  in  many  places  are 
handling,  with  considerable  success,  a  good  deal  of  local  freight 
business.  The  electric  lines  have  not  as  yet  materially  affected 
that  part  of  the  revenue  of  steam  roads  which  is  obtained  from 
the  through  passenger  and  freight  traffic. 

The  experience  with  the  electric  locomotive  has  demonstrated 
its  reliability.  The  operating  cost  data  available  from  electrified 
steam  railroads  have  made  it  evident  that  many  steam  railroads 
could  now  be  operated  more  economically  by  electric  power. 
However,  the  comparative  economics  of  steam  and  electric 
railroad  operation  would,  of  course,  have  to  be  studied  for  each 
case,  and  to  bring  out  the  relative  advantages  and  disadvantages 
of  steam  and  electric  operation  of  trunk  line  railroads  a  concrete 
example  will  now  be  discussed. 
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Description  op  Railroad  Considered 
Let  us  consider  a  single-track  railroad  constructed  through  a 
semi-arid  jegion,  similar  to  many  parts  of  the  West,  which  con- 
tains numerous  irrigated  and  dry  farm  districts.  The  length 
of  the  railroad  will  be  taken  as  467  miles,  and  be  divided  into 
three  engine  districts,  respectively  167,  160  and  140  miles  long, 


•rN  Mn^iOtei-aaok^rJ 


•wv  sanoH 


•Wd  synoH 


from  the  west  towards  the  east,  and  will  be  referred  to  as  engine 
district  No.  1,  No.  2  and  No.  3,  in  the  order  named.  The  curva- 
ture averages  about  12  degrees  of  central  angle  per  mile  and 
the  ascents  and  descents  of  the  grade  average  18  feet  per  mile. 
The  engine  terminals  will  be  referred  to  as  terminal  No.  1, 
terminal  No.  2,  terminal  No.  3  and  terminal  No.  4,  from  west 
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towards  the  east.  It  will  be  assumed  that  there  will  be  a  helper 
'district  9  miles  in  length  for  west- bound  trains  on  engine  district 
No.  1  and  also  one  of  the  same  length  on  engine  district  No.  2 
for  east-bound  trains,  the  foot  of  these  helper  grades  to  be 
located  11  miles  west  of  and  7  miles  east  of  terminal  No.  2  and 
the  helper  locomotives  of  both  districts  to  be  hostled  and  taken 
care  of  at  terminal  No.  2.  The  limiting  grades  of  the  three  engine 
districts  are  shown  in  Table  II.  Also  Table  I  and  Fig.  2  will 
show  the  relative  location  of  the  engine  districts  and  helper 
sections,  together  with  other  data  of  this  railroad. 


TABLE  I 

Engine  districts 

Total 

No.  1 

No.  2 

No.  3 

Nikt  of  mmin  track 

167.6 
54.5 

222 
35 
12» 
6* 

14  ft. 
0.14% 
^Ibs. 

160 

51 
211 

33 

12* 
4» 

22  ft. 
0.21% 
90  lbs. 

140.5 

50.5 

191 

32 

12* 

4» 

18  ft. 
0.17% 
90  lbs. 

468 

156 
624 
100 
12* 
6* 

18  ft. 
0.17% 
90  lbs. 

Miles  of  side  track 

Total  main  and  side  track 

Miles  curved  track 

Degrees  of  central  angle  per  mile 

Maximum  curvature 

Ascents  and   descents  of   grade   per 
mile 

Average  grade 

Weight  qf  rail  per  yPTd. ............. 

Steam  Equipment.  The  through  passenger  trains  to  be  handled 
by  Pacific  type  locomotives  of  192  tons  weight  with  loaded  tender, 
to  handle  from  5  to  14  coaches  per  train.  The  local  passenger 
trains  to  consist  of  a  110-ton  locomotive  (with  loaded  tender) 
with  a  baggage  car,  smoking  car  and  day  coach,  all  cars  being  of 
45  tons  weight. 

The  freight  trains  to  be  handled  by  consolidated  locomotives 
of  total  weight  with  coal  and  water  of  185  tons  and  with  187,000 
lb.  on  the  drive  wheels.  The  local  freight  trains  to  be  handled  by 
130-ton  locomotives. 

Electric  Operation,  For  comparison  of  steam  and  electric 
operation,  the  above  line  will  be  considered  as  equipped  with  an 
11,000-volt,  single-phase,  15-cycle  trolley,  with  110,000-volt,  15- 
cyde  high-tension  line  to  supply  power  to  14  substations.  The 
power  to  be  received  into  the  high-tension  system  at  terminal 
No.  3. 

The  local  passenger  trains  to  consist  of  two  electric  motor 
cars  and  one  trailer.    The  through  passenger  trains  to  be  hauled 
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by  100-ton  electric  locomotives.  The  local  freight  trains  to  be 
hauled  by  an  85-ton  locomotive,  which  class  of  locomotive  will 
also  be  used  in  switching  service.  The  through  freight  trains 
(both  expedite  and  drag)  to  be  hauled  by  110-ton  locomotives. 

Passenger  Traffic.  The  passenger  traffic  to  consist  of  six 
through  trains  per  day  (three  each  way)  over  the  whole  road. 
On  engine  district  No.  1  there  will  be  four  local  passenger  trains 
per  day  (two  each  way),  while  on  engine  districts  Nos.  2  and  3 
there  will  only  be  two  local  passenger  trains  per  day. 

Freight  Traffic.  The  annual  freight  traflSc  over  each  engine 
district  will  be  assumed  as  follows: 


Bngine  districts 


Wut  bound: 

Expedite  freight, 

Drsg  freight 

Local  freight 

Bast  bound: 

Expedite  freight. 

Drag  freight 

Local  freight. . . . 


Tonnage  of  cars  and  contents 


No.  1 


800.000 

1.700.000 

200.000 

600.000 

1.300.000 

100.000 


No.  2 


700.000 
1.700.000 


600,000 
1,300,000 


No.  3 


800,000 

1.600.000 

160.000 

600.000 

1.200.000 

100.000 


Number  op  Freight  Trains 

To  determine  the  number  of  freight  trains  necessary  to  handle 
the  above  traffic,  the  maximum  tonnage  which  the  locomotives 
can  haul  over  each  engine  district  will  have  to  be  determined.  For 
steam  operation,  this  can  be  closely  computed  if  the  ruling  and 
starting  grades  are  known.  Also  a  close  approximation  of  the 
maximum  tonnage  by  electric  operation  can  be  made  if  the  aver- 
age grades  and  their  length  are  known,  together  with  the  maxi- 
mum grades  at  starting. 

However,  the  most  accurate  way  of  determining  the  maximum 
tonnage  which  can  be  hauled  by  a  locomotive  is  to  draw  the  veloc- 
ity diagram  for  the  limiting  grade  sections  of  the  engine  districts. 
Fig.  3  shows  the  profile  and  velocity  diagrams  for  both  steam  and 
electric  freight  trains  over  the  limiting  grade  sections  of  engine 
district  No.  1.  This  will  also  give  an  idea  of  the  variety  of  con- 
ditions for  which  a  locomotive  of  a  trunk  line  railroad  is  used. 

The  limiting  points  are  determined  by  the  starting  grades, 
the  helper  grades  and  the  ruling  grades.    In  computing  the  hauling 
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capacity  for  steam  locomotives,  it  is  usual  to  make  10  miles  per 
hour  the  minimum  speed  in  order  to  allow  for  weather  conditions, 
the  personal  equation  of  the  engineer,  and  other  variable  condi- 
tions. 

In  Fig.  3  it  will  be  noted  that  west,  bound  steam  freigh  ttrains 
of  2040  tons  get  down  to  10  miles  per  hour  at  about  mile  post 
152>  on  the  helper  section,  and  hence  the  helper  section  linaits  the 
weights  of  steam  freight  trains.  The  starting  capacity  of  the 
steam  locomotive  is  also  nearly  reached  with  the  same  tonnage. 
For  west-bound  electric  trains,  the  starting  grades  limit  the 
weight  to  3350  tons. 

The  weight  of  east-bound  steam  freight  trains  is  limited  to  2240 
tons  by  the  ruling  grade,  0.55  per  cent.  The  starting  grades  also 
will  not  permit  a  heavier  steam  train.  The  weight  of  the  east- 
bound  electric  freight  trains  (2470  tons)  is  limited  by  the  long 
21-mile  grade  from  mile  post  82  to  mile  post  111,  whichaverages 
0.45  per  cent,  the  maximum  grade  in  this  distance  being  0.6  per 
cent.  It  is  on  these  long  grades,  where  the  electric  locomotive 
operates  on  its  continuous  rating,  that  the  steam  locomotive  com- 
pares most  favorably  with  the  electric  locomotive.  But  even 
here  the  steam  locomotive's  hauling  capacity  is  determined  by 
the  ruling  grade,  0.55  per  cent,  which  is  very  short,  while  the 
hauling  capacity  of  the  electric  locomotive  is  determined  by  the 
average  grade,  0.45  per  cent. 

In  like  manner,  the  weight  of  the  freight  trains  was  computed 
for  engine  districts  Nos.  2  and  3.  The  maximimi  grade  in 
most  cases  equals  the  ruling  grade  for  steam  operation.  The 
maximum  average  grades,  which  govern  the  weight  of  the  electric 
trains,  are  much  lighter  than  the  maximum  grades;  also  the  aver- 
age grades  are  not  of  any  great  length  and,  consequently,  the 
electric  locomotive  can  exert  considerably  greater  tractive  effort 
than  its  continuous  capacity.  As  a  result,  the  electric  locomotive 
can  haul  from  50  per  cent  to  60  per  cent  greater  tonn^e  than  the 
steam  locomotive  over  these  engine  districts. 

Table  II  shows  the  limiting  grades  of  all  engine  districts, 
together  with  the  maximum  toimage  which  can  be  handled  by 
the  185-ton  steam  consolidated  freight  locomotive  and  the  110- 
ton  electric  freight  locomotive,  whose  characteristics  are  shown  in 
Fig.  1. 

Table  No.  Ill  gives  the  maximtun  trailing  tonnage  which  the 
steam  and  electric  freight  locomotives  can  hatd  over  the  different 
engine  districts: 
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TABLE  III 
TRAILING  LOAD  OP  DRAG  PRBIGHT  TRAINS  IN  TONS 


Engine  dlttrict  No.  1 
Engine  district  No.  2. 
Engine  district  No.  3, 


Electric  locomotive 

West 

Bast 

West 

BMt 

1866 
1605 
2816 

2066 
1247 
1247 

3240 
2480 
4472 

2360 
2260 
2060 

The  above  traiKng  weights  were  obtained  by  subtracting  the 
weights  of  the  steam  (185-ton)  and  electric  (110-ton)  locomotives 
from  the  total  train  weights  given  in  Table  II.  The  minimum 
speed  of  the  electric  freight  trains  is  considerably  greater  than 
for  steam  freight  trains,  as  it  ranges  from  14  to  16  miles  per 
hour,  which  is  high  enough  for  expedite  trains.  The  maximum 
steam  train  weights  for  expedite  freight  trains  would  have  to 
be  lighter  than  those  given  in  Table  III,  as  greater  speed  is  re- 
quired.   Table  IV  gives  the  weights  of  the  expedite  trains: 


TABLE  IV 
TRAILING  LOAD  OP  EXPEDITE  PRBIGHT  TRAINS  IN  TONS 


Engine  district  No.  1 
Engine  district  No.  2 
Engine  district  No.  3 


Steam  locomotive 

Electric  locomotive 

West 

Best 

West 

BMt 

1629 
1236 
2336 

1697 
1018 
1018 

8240 
2480 
4472 

2360 
2260 
2060 

In  actual  practise,  the  average  weight  of  the  trains  would  not 
be  as  great  as  given  in  Tables  III  and  IV,  since  during  slack  times 
there  are  not  always  enough  cars  to  load  the  engines  to  their 
maximum  and,  consequently,  a  number  of  short  weight  trains 
have  to  be  operated.  For  the  railroad  considered,  it  will  be 
assumed  that  the  weight  of  the  expedite  and  drag  trains  averages 
about  80  per  cent  of  the  maximum  allowable  weight  or  tonnage 
rating  given  in  Tables  III  and  IV.  The  number  of  local  freight 
trains  is  generally  governed  by  local  conditions. 

Table  V  shows  the  number  of  freight  trains  per  year  necessary 
to  handle  the  freight  traffic  given  above. 
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TABLE  V 
NUMBER  OP  FREIGHT  TRAINS  PER  YEAR 

Bngins  dist.  No    1: 

Bzp0dit4  trains 

Electric  locomotive 

West 

Bast 

•Total 

West 

East 

♦Total 

1149 
400 

442 
793 
400 

1312 

2298 

800 

4410 

309 
856 
400 

318 
688 
400 

636 
1376 
800 

2812 

Drag  trains 

Local  trains 

Totals 

Bugifu  din.  No,  2: 

Expedite  trains 

809 
1417 

741 
1300 

1618 
2834 

4452 

404 
850 

335 
727 

808 
1718 

2526 

Drag  trains. 

Totals 

Bnging  dist.  No.  3: 

Expedite  trains 

428 
7U 
320 

741 

1200 

320 

1482 

2400 

840 

4522 

225 
450 
320 

372 
747 
320 

744 

1494 

640 

2878 

Drag  trains 

Local  trains 

Totals 

♦As  it  is  necessary  to  operate  the  same  number  of  trains  in  both  directioos  on  account 
of  train  crews  and  equipment,  the  totals*  of  coarse,  are  twice  the  greatest  number  of 
trains  required  in  one  direction. 

On  all  railroads  the  traffic  at  some  seasons  of  the  year  is  greater 
than  at  others.  However,  it  is  seldom  that  the  passenger  and 
freight  busy  seasons  happen  at  the  same  time.  The  freight  ton- 
nage is  generally  greatest  in  agricultural  districts  after  the  crops 
are  harvested,  which  is  generally  in  the  fall.  The  time  of  the 
greatest  passenger  traffic  will  depend  on  local  conditions  but,  as 
stated  above,  seldom  happens  at  the  same  time  as  the  heavy 
freight  movements.  The  writer  has  been  often  surprised  at  how 
uniform  the  train  mileage  and  ton  mileage  per  mile  of  line  is  dur- 
ing the  year.  For  the  railroad  considered,  the  maximum  and 
average  number  of  trains  per  day  is  taken  as  follows: 


TABLE  VI 
NUMBER  OP  TRAINS  PER  DAY— (BOTH  WAYS) 

SUam  troinsi 

Passenger 

PMight 

Total 

Bng.  dii 

It.  No.  1 

Bng.  dist.  No.  2 

Bng.  dist.  No.  3 

Average 

day 

Maiimum 
day 

Average 
day 

Maximum 
day 

Average 

day 

Maximum 
day 

10.0 
12.1 

22.1 

10.0 
16.0 

26.0 

8.0 
12.2 

20.2 

8.0 
17.0 

26.0 

8.0 
12.4 

20.4 

8.0 
18.0 

26.0 

SUeiHetMims: 

Passenger 

Pieight 

Total 

10.0 
7.7 

17.7 

10.0 
11.0 

21.0 

8.0 
6.9 

14.9 

8.0 
10.0 

18.0 

8.0 
7.9 

16.9 

8.0 
12.0 

20.0 
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Table  VII  shows  the  train  mileage,  ton  mileage,  and  locomotive 
mileage  necessary  to  handle  the  assumed  traffic  over  the  railroad 
considered.  The  locomotive  mileage  includes  the  mileage  to  and 
from  trains  and  the  switching  locomotive  mileage. 


TABLE  VII 


Steam 
Operation 

Train  milts: 

Local  passenger  trains 462.820 

'      motor  trains 000 

Through  passenger  trains 1,022,730 

Total  passenger 1,485.650 

Local  freight  trains 233,200 

Through            •      1,858.670 

Work  trains 81,120 

Total  freight  trains 2.172.990 

Total  aU  trains 3.658,540 

LocomoHwt  and  motor  car  miUagt: 

Motor  car  mileage 000 

Passenger  locomotives 1.559,828 

Local  freight  locomotives 240.196 

Through                  ■          1.914.430 

Work  train 107.624 

Helper  locomotives 225.474 

Switching 397.000* 

Total  freight,  work,  helper  and  switch 2.884.724 

Total  locomotive  mileage 4,444.552 

Locomoti^  ton  mileagt: 

Motor  cars 000 

Passenger  locomotives 259.638.174 

Freight  locomotives 385.395.130 

Work  train  locomotives 15,067.360 

Helper  locomotives 41.712.690 

Switching  locomotives 55.880.000 

Total  freight,  work,  helper  and  switch 498.055.180 

Total  all  locomotives  and  motor  cars 757.693.354 

Ton  miiMge — cars  and  conUnts: 

Passenger  trains 744.424.800 

Freight  trains 2.113.300.000 

Work  trains 40.560.000 

Switching 158.800.000 

Total  cars  and  contenU 3.057.084.800 

Grand  total  ton-mUes 3.814.778.154 


Electric 
Operation 


000 

462.820 
1.022,730' 

1.485.560 


233,200 

953,344 

81.120 


1.267.664 


2.768,214 


971.922 
1,073,867 
240,196 
981.944 
107,624 
102,111 
•397,000 

1,828,876 


2.902.743 


83.307.600 

107.386.700 

129.631.480 

9.686.160 

8.386.510 

35.730.000 

183.434.160 
374.128.450 


075.001.800 

1.940.046.780 

40.560.000 

168.800.000 

2.814.407.680 
3,188.636.080 


*Stz  miles  allowed  for  each  hour  a  switch  engine  is  in  service. 
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Number  op  Locomotives  Required 
An  examination  of  the  records  of  numerous  steam  railroads 
will  disclose  the  fact  that  a  steam  locomotive  spends  a  good 
portion  of  its  time  in  the  shops  undergoing  heavy  repairs.  Also 
that  a  larger  part  of  its  time  is  spent  in  or  near  the  engine  houses 
where  the  boiler  washing  is  done,  the  fire  boxes  and  flues  cleaned, 
and  the  light  running  repairs  are  made,  etc.  The  records  of  two 
western  steam  roads  show  that  their  passenger  locomotives 
spent  respectively  21  per  cent  and  17  per  cent  of  their  time  in  the 
shops,  and  that  the  freight  locomotives  of  the  same  roads  were  in 
the  shop  30  per  cent  and  24  per  cent  of  their  time. 

The  most  complete  record  of  the  actual  distribution  of  engine 
service  I  have  seen  is  given  in  Table  VIII,  which  is  for  a  section 
of  a  railroad  between  500  and  600  miles  in  length. 

TABLE  VIII 


Passenger 

Preight 

locomotiyet 

locomotives 

Percent 

Dmyt 

Percent 

Days 

of  totel 

per  yew 

oftotia 

per  year 

time 

time 

22.4 

82 

28.2 

103 

1.4 

6 

2.7 

10 

63.2 

194 

36.9 

131 

1.6 

6 

1.1 

4 

1.1 

4 

4.3 

16 

20.3 

74 

17.1 

62 

10.7 

39 

100 

366 

100 

366 

Time  in  shops 

Time  spare 

Time  in  enginehouse   (having  running 
repairs   done,   boilers   washed,    fire 

boxes  cleaned) , 

Time  running  to  and  from  trains 

Time  in  helper  service 

Time  on  road 

Actually  running 

Standing  on  sidings,  taking  water,  etc 

Totals 


It  will  be  noted  that  each  passenger  locomotive  was  actually 
on  the  road,  running  or  standing  on  sidings,  only  74  days  of  the 
year,  while  each  freight  locomotive,  exclusive  of  those  used  for 
helper  service,  was  actually  running  only  62  days  of  the  year  and 
standing  on  sidings,  etc.,  39  days,  not  considering  the  helper 
locomotives. 

The  number  of  locomotives  required  to  handle  the  traffic  of 
any  railroad  depends  of  course  upon  the  quantity  of  traffic, 
number  of  trains,  the  arrangement  of  the  train  schedule,  ratio  of 
maximum  and  average  traffic,  etc.    An  estimate  of  the  number  of        j 
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Steam  locomotives  required  to  handle  the  trains  over  the  road  can 
be  made  from  the  train  sheets,  and  to  this  number  will  have  to  be 
added  an  allowance  to  cover  time  in  engine  house,  shops,  etc. 
as  shown  above  in  Table  VIII.  However,  the  total  number  of 
steam  locomotives  shown  in  Tables  IX,  X,  XI  and  XII,  as  re- 
quired for  operating  the  railroad  discussed  in  this  paper,  is  the 

TABLE  IX 
PASSENGER  SERVICE 


Steam  locomotives 

Electric  locomotives 

Per  cent 

Days  of 

No.  of 

Percent 

Days  of 

No.  of 

of  time 

year 

locomo- 
tives 

of  time 

year 

locomo- 
tlves 

22.1 

81 

6.2 

19.2 

70 

2.6 

1.4 

6 

0.4 

3.1 

11 

0.4 

53.0 

193 

14.8 

27.7 

101 

3.6 

1.6 

6 

0.5 

3.8 

14 

0.5 

1.6 

5 

0.4 

3.1 

11 

0.4 

20.4 

76 

5.7 

43.1 

158 

6.6 

100 

306 

28 

100 

365 

13 

In  shops 

Spare 

In  enginehottse,  etc 

Running  to  and  from  trains 

In  helper  service 

On  road 

Totals 


TABLE  X 
FREIGHT  SERVICE 


Steam  locomotives 

Electric  locomotives 

Percent 

Days  of 

No.  of 

Percent 

Days  of 

No.  of 

of  time 

year 

locomo- 
tives 

of  time 

year 

locomo- 
tives 

28.0 

102 

26.9 

25.1 

91 

10.8 

2.7 

10 

2.6 

6.0 

22 

2.6 

35.8 

131 

34.4 

27.9 

102 

12.0 

1.1 

4 

1.1 

1.4 

5 

0.6 

4.8 

17 

4.6 

3.5 

13 

1.5 

10.6 

39 

10.1 

13.7 

50 

5.9 

17.0 

62 

16.3 

22.4 

82 

9.6 

100.0 

365 

96.0 

100.0 

366 

43.0 

In  shop 

Spare 

In  engine  house 

Running  to  and  from  trains.. . 

In  helper  service 

Standing  on  sidings 

Running  on  road 

Totals 


same  as  that  actually  used  on  a  western  railroad  where  the 
quantity  of  traffic  and  other  conditions  are  similar.  The  number 
of  electric  locomotives  given  was  estimated  from  the  steam 
figures. 

As  there  wotdd  be  the  same  number  of  passenger  trains,  the 
number  of  passenger  locomotives  required  (assuming  all  trains  to 


1913] 


KAHLER:  TRUNK  LINE  ELECTRIFICATION 


1207 


be  locomotive  trains)  on  the  road  would  be  the  same  for  both 
steam  and  electric  operation,  except  that,  as  no  time  would  be 
used  in  taking  water,  a  smaller  number  of  electric  locomotives 
would  be  needed  on  this  road  than  by  steam  operation.  There 
would  be"  fewer  freight  trains  by  electric  operation  and,  conse- 
quently, fewer  electric  freight  locomotives  would  be  needed  than 
steam  freight  locomotives,  in  addition  to  the  smaller  number  of 
electric  locomotives  required  on  account  of  not  having  to  take 
water. 


TABLE  XI 
SWITCHING  SERVICE 

Steam  locomotive 

Electric  locomotive 

Percent 

of  time 

Days  of 
year 

No.  of 

locomo- 
tives 

Percent 
of  time 

Days  of 
year 

No.  of 
locomo- 
tives 

In  ghopff 

37,6 
62.5 

100.0 

137 
228 

365 

6 
10 

16 

27.3 
72.7 

100.0 

99 
266 

366 

3 
8 

11 

In  MTvice. 

Totalf 

TABLE  XII 
SUMMARY 


Electric 
Eqttipment     Equipment 


Motor  cars 0 

Passenger  locomotives 28 

Fr«jfM  locomoUHS. . . '. 96 

SwiUhing  UtamoHus 16 

Total  motor  cars 0 

Total  locomotives 140 


14 
10 
43 
11 

14 
64 


The  time  in  the  engine  house,  where  the  inspection,  cleaning 
and  light  repair  work  is  done,  will  manifestly  be  much  less  with 
electric  than  with  steam  locomotives.  A  steam  locomotive  re- 
ceives a  thorough  inspection  after  each  run,  whereas  the  practise 
with  electric  locomotives  is  to  inspect  them  after  they  have  made 
a  certain  mileage,  which  varies  from  1200  to  2500  miles,  the 
former  figure  being  the  New  York  Central  standard,  while  the 
latter  is  the  practise  of  the  Pennsylvania  Railroad  at  New  York. 

The  boiler  washing,  fire  box  cleaning  and  other  things  required 
on  a  steam  locomotive,  and  which  consume  a  large  part  of  the 
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time  in  the  engine  house,  would  not  be  necessary  with  electric 
locomotives  and,  consequently,  the  time  spent  by  electric  loco- 
motives in  or  near  the  engine  house  would  be  much  less  than  with 
steam  locomotives.  Likewise,  electric  locomotives  would  spend 
less  time  in  the  shops  than  steam  locomotives,  as  there  would 
be  no  boiler,  &ebox,  smoke  stack  or  tender  to  repair. 

The  above  remarks,  supplemented  by  Tables  IX  to  XII  in- 
clusive, show  how  the  number  of  electric  locomotives  needed  to 
handle  the  given  traffic  was  estimated. 

Tables  IX  and  XII  show  the  number  of  locomotives  and  distri- 
bution of  engine  service  for  steam  and  electric  operation  of  the 
467-mile  railroad  being  discussed. 

Thus  13  passenger  locomotives  would  be  needed  if  all  passenger 
trains  were  locomotive  trains,  but  as  electric  motor  cars  are  to  be 
used  for  local  passenger  trains,  only  10  electric  locomotives 
would  be  needed  for  the  through  passenger  trains,  in  place  of  13 
as  shown  in  Table  IX,  but  14  motor  cars  would  also  be  needed 
for  the  local  passenger  trains. 

As  a  check  on  the  above  figures  for  number  of  locomotives  re- 
quired some  data  will  now  be  given  of  electrified  steam  lines  in 
operation.  Table  XIII  below  was  computed  and  condensed  from 
data  given  in  a  paper  by  Mr.  W.  J.  Wilgus,  Volume  61,  A.S.C.E., 
concerning  the  electric  operation  of  the  N.Y.C.  &  H.R.R.R., 
and  which,  as  I  understand  it,  shows  the  distribution  of  steam 
and  electric  locomotive  time  out  of  the  shop. 


TABLE  XIII 

Hoars 

Percent 

Steam 
locomotives 

Electric 
locomotives 

Steam 
locomotives 

Electric 
locomotives 

Bogy 

138.00 
174.10 

203.92 
229.19 

20.7 
26.2 

46.9 
63.1 

100.0 

30.3 
34.2 

64.6 
36.6 

100.0 

Waiting 

Total 

312.10 
354.90 

433.11 
238.89 

Dead 

Orand  total 

667.00 

672.00 

These  data,  which  are  for  all  classes  of  locomotives,  would  indi- 
cate that  for  conditions  on  the  New  York  Central  the  steam 
locomotives  were  having  fire  boxes  cleaned,  boilers  washed. 
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light  repairs  xnadei  and  other  things  which  are  done  in  the  engine 
house,  a  little  over  half  the  time  out  of  the  shops,  while  the  time 
spent  by  the  electric  locomotives  in  the  engine  house  being  in- 
spected, having  light  repairs  made,  etc.,  was  only  about  one 
third  of  the  time  out  of  the  shops. 

Conditions  on  different  roads  are  of  course  not  the  same,  but 
I  believe  Table  XIII  shows  that  the  estimates  of  number  of 
electric  locomotives  for  the  467-mile  railroad  here  considered, 
given  in  Tables  IX  to  XII  inclusive,  are  very  conservative  in 
most  items. 

BsTiMATSD  Cost  op  Electrification 
The  following  is  an  estimate  of  the  money  needed  to  electrify 
the  467  miles  of  steam  railroad  considered: 

Higk-Uusiou  litus  {sUti  lower),  450  miUs 12,260.000 

TndUy  and  ft§d€r  vsr «: 

3/0  srooved  copper  trolley.  468  mi.  mt  lOfiO 304,200 

Sud  troUey  wire.  156  mi.,  at  $320 49.920 

2/0  feeder  wire.  468  mi.  at  $600 234.000 

688,120 

09€rhM6d  cotutmcticm: 

Bracket  arm  construction.  420  mi.  at  $1660 $603,000 

Spaa  constnietion.  92  mi.  at  $2600 238.200 

Steel  bridses.  4  mi 36^000 

Section  breaks 6.600 

Additional  for  curred  track,  100  mi.  at  $300 30.000 

1.004.800 

Trtk  bonding: 

634  mi.  at  $460 280.800 

14  substations.  66.000  kv^ $616,000 

3  porUble  sUtions.  6000  kvHU  (complete) 96.000 

712.000 

RatUng  slock: 

14  motor  cars.  $18.000 $262,000 

10  passenser  locomotives.  $46.000 460.000 

43  freight  locomotives.  $60.000 2.160.000 

11  switching  locomotives.  $36.000 386.000 

3.237.000 

CUnghtg  Hock  rifnals  and  leUgrapk  (468  mi.) 661.600 

Euthutring  mnd  supervision,  6  per  cent 431.716 

ConHngsncies,  tU„  10  per  cent 906.964 

Total $9,972,000 

Credit  for  sUam  eqnipmenU 

140  locomotives $2,620,000 

241  coal  cars 241.000 

14  paiaenger  cars 112.000 


Give  credit  for.  lay.  about  70  per  cent  of  new  value 2,873.000  2.012,000 

Net  estimate $7,960,000 
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The  figures  given  apply  to  the  intennountain  regions  of  the 
West.  As  the  actual  construction  cost  was  available  of  a  high- 
tension  steel  tower  line  parallel  to  a  railroad,  the  material  being 
distributed  by  work  trains  of  the  railroad,  the  estimate  for  this 
item  given  should  be  very  close.  The  trolley  line  and  substation 
estimates  were  based  upon  interurban  construction  cost  of  two 
lines  in  the  West,  a  liberal  allowance  being  made  for  the  heavier 
work  needed  for  trunk  lines.  No  item  is  shown  for  electric  shop 
machinery,  as  credit  for  steam  locomotive  shop  machinery  will 
offset  this  expense. 

COMPARATIVB  CoST  OP  MAINTENANCE  AND  OPERATION  BY  StBAM 

AND  Electric  Power 

Having  determined  the  amount  of  traffic  of  the  railroad,  and 
the  number  of  trains  necessary  to  handle  it  by  steam  and 
electric  locomotives,  the  comparative  cost  of  operation  by  steam 
and  electric  power  will  now  be  given. 

While  the  bookkeeping  methods  are  different  on  different  rail- 
roads, the  items  into  which  the  various  maintenance  and  opera- 
ting expenses  are  divided  are  the  same,  as  the  instructions  of  the 
Interstate  Commerce  Commission  are  followed.  There  are  six 
general  subdivisions  into  which  the  maintenance  and  operation 
expenses  of  a  railroad  are  divided,  as  follows: 

I.  Maintenance  of  Way  and  Structures. 

II.  Maintenance  of  Eqtiipment. 

III.  Trafl&c  Expenses. 

IV.  Transportation  Expenses. 

V.  General  Expenses. 

VI.  Taxes. 

The  above  headings  are  subdivided  into  numerous  accounts. 
Traffic  and  General  Expenses  would  not  be  affected  by  the  kind 
of  motive  power  and  they  will  not  be  considered.  For  con- 
venience in  making  the  comparison  between  the  steam  and  elec- 
tric operating  costs,  the  first  heading  will  be  divided  into  three 
parts  and  the  second  into  two  parts.  The  general  headings  will 
then  be  as  follows: 

A.  Maintenance  of  Way  and  Structures. 

B.  Maintenance  of  Overhead  Structures  and  Substations. 

C.  Depreciation  of  Overhead  Structures  and  Substations. 

D.  Maintenance  of  Equipment. 

E.  Depreciation  of  Equipment. 
P.     Transportation  Expenses. 
G.    Taxes. 
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The  above  headings  are  subdivided,  as  shown  below,  into  50 
items  or  accounts.  Tables  XIV  to  XX  below  give  the  compara- 
tive steam  and  electric  operating  expenses  of  the  467-mile  rail- 
road considered. 

TABLE  XIV 
MAINTENANCE  OP  WAY  AND  STRUCTURES 


1.  Tlet 

2.  Applying  ties 

3 .  Rail  and  other  track  material. . 

4.  Applying  rail  and  other  track  material 

5.  Maintenance  and  care  of  track.. . . 

6.  Maintenance  and  care  of  roadbed 

7 .  Signals 

8.  Telegraph 

9 .  Engine  house  and  shops 

10.  Pud  and  water  stations 

11 .  Roadway  tools  and  supplies 

Totals 


Steam 

Electric 

Per  cent 

Per  cent 

100 

92.5 

100 

92.5 

100 

85.0 

100 

85.0 

100 

85.0 

100 

100.0 

100 

70.0 

100 

120.0 

100 

50.0 

100 

0.0 

100 

92.5 

Steam 


$163,800 
46.800 
93.600 
32.760 
154.400 
74.880 
23.400 
11.700 
23.400 
23.400 
23.400 


Electric 


$151,515 
43.290 
79.560 
27346 
131.240 
74.880 
16.380 
14.040 
11.700 
000 
21.645 


$671,540      $572,096 


TABLE  XV 
MAINTENANCE  OP  OVERHEAD  STRUCTURES  AND  SUBSTATIONS 


12. 


13. 

14. 

15. 


MainUnanct  of  irolUy  Uh€: 

Bracket  construction.  420  mi.  at  $100 

Span  construction.  92  mi.  at  $120 

Sted  bridges.  4  mi.  at  $60 

Maintenance  of  high-tension  line.  450  mi.  at  $50 

Maintenance  and  inspection  of  substations 

Track  bonding.  624  mi.  at  $20 

Totals 000 


Steam 

Electric 

operation 

operation 

000 

$42,000 

000 

11.040 

000 

.     240 

000 

22.500 

000 

7.450 

000 

12.480 

$95,710 


TABLE  XVI 
DEPRECIATION  OP  OVERHEAD  STRUCTURES  AND  SUBSTATIONS 


16  r  TrotUy  «*>«; 

Copper.  $304,200  at  4  per  cent 

Steel  trolley.  $49,920  at  5  per  cent 

17.   Feeder  wire.  $234,000  at  1  per  cent 

IS.  Poles  and  fixtures.  $968,000  at  5  per  cent 

19.  Steel  bridges.  $36,000  at  3  per  cent 

20.  Track  bonding.  $281,000  at  4  per  cent 

21.  High-tension  line,  including  copper.  $2,250,000  at  2  per 

cent 

22.  Subctations.  $712,000  at  3  per  cent 

Totals 000 


Steam 

Electric 

operation 

operation 

000 

$12,168 

000 

2.496 

000 

2.340 

000 

48.400 

000 

1.060 

000 

11.240 

000 

45.000 

000 

21.860 

$144/)64 


.yu.cuuy  Google 


1212  KAHLER:  TRUNK  LINE  ELECTRIFICATION   [May  20 


TABLE  XVII 
MAINTENANCE  OP  EQUIPMENT 

Steam 
operation 

Passenger  locomotive  repairs: 

Steam.  1.559.828  mUes  at  10c $155,983 

Electric.  1.073,867  miles  at  4kc 

Freight  and  switching  locomotive  repairs: 

Steam.  2384.724  miles  at  14c 403.861 

Electric.  1.828.875  miles  at  6c 

Electric  nuOor  car  repairs: 

Electric.  971.922  miles  at  3c 600 

Passenger  car  repairs: 

Steam.  13.661.220  mi.  at  1 .  2c 163.935 

Electric.  12.735.680  mi.  at  1.2c 

Freight  car  repairs: 

46.500.000  car  mUes.  at  0.6c 279.000 

Coal  cars  {company  coal): 
3.850.000  car  miles  at  0.6c 23.100 

Totals $1,026,879 


23. 


24. 


25. 


26. 


27. 


Electric 
operation 


$48,324 

109.782 
29.158 

152.827 

279,000 

000 

$619,041 


TABLE  XVIII 
DEPRECIATION  OP  EQUIPMENT 


29 .  Depredation  of  locomotives, (steam,  3  per  cent) $75,600 

(electric,  2  per  cent) 

30.  Depreciation  of  motor  cars,  2  per  cent 

31 .  Depreciation  passenger  cars  released,  3  per  cent 

32.  Depreciation  coal  cars  released.  3  per  cent 

TotaU $86,190 


Steam 

Electric 

operation 

$75,600 

$69,700 

000 

5.040 

3.360 

000 

7.230 

000 

$64,740 


The  Steam  operating  expenses  given  in  Tables  XIV  to  XX  are 
based  upon  actual  steam  railroad  operation  and  the  following 
remarks  will  show  how  the  electric  operating  expenses  were  com- 
puted. 

Ties.  A  comparison  of  the  tie  renewal  cost  of  different  rail- 
roads with  different  tonnage,  at  first  glance,  may  seem  to  show 
no  relation  between  tie  renewals  and  ton  mileage  per  mile  of  line. 
However,  a  careful  study  will  show  that  upon  railroads  of  light  ton- 
nage the  tie  renewals  depend  more  upon  how  long  the  tie  will  last 
without  rotting,  while  upon  railroads  of  very  heavy  tonnage,  it 
will  be  found  that  the  ton  mileage  per  mile  of  line  is  the  most 
important  factor  in  the  tie  renewals.  The  exact  amount  of  ton- 
nage which  will  cause  the  tie  to  wear  out  before  it  has  rotted  de- 
pends upon  the  character  of  the  soil,  kind  of  tie,  whether  treated  or 

lip 
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TABLE  XIX 
TRANSPORTATION  EXPENSES 


Steam  Btoctxic 

operation       operation 


33. 
34. 

36. 

36. 

37. 

38. 
30. 

40. 

41. 

42. 

43. 

44. 
46. 

46. 
47. 

48. 

49. 


Bngius  and  molorwun  on  swiukiug  loeomoii9€s: 
Electric.  70  per  cent  of  steam $60,000 

Bmgimt  and  moiormtu  on  passtugfr  locowtotiwes: 

Steam.  1.650338  ailet  at  8c 124.786 

Electric.  1,073.867  miles  at  8  c 

Bugin$  and  molormen  on  firtight  and  work  locomolhis: 

Steam,  2.262.260  mUee  at  lie 248.848 

Electric.  1329,764  miles  at  lie 

StMun.  226.475  miles  at  12c 27.056 

Electric.  76.241  miles  at  12c 

Car  motornun: 
402330  mUes  at  2c 000 

Condnciort  and  hralumen  in  switching  strvice 90.000 

Patstngtr  tocomoiiws  train  crtws: 

Steam.  1.485,660  miles  at  6.8c 101.017 

Electric.  1.022,730  miles  at  6.8c 

462320  miles  at  4c 000 

Frngkl  and  work  train  crews: 

Steam.  2362360  train  mUes  at  13c 204.003 

Electric.  1328.764  train  miles  at  13c 

FnsL' 

400.000  tons  at  82.26 900,000 

Purchase  qf  ^owsr: 

90.000.000  kw-hr.  at  0. 75c 000 

Waitr 52.000 

Lmbricanta 14.000 

Other  tocomoti9e  supplies 23.000 

Bngine  house  expenses,  locomotives: 

Steam.  40.000  locomotives  at  32 .  50 100.000 

Electric.  14.000  locomotives  at  80c 

Sngine  house  expense,  motor  cars: 

3.000  motor  cars  at  50c 000 

Signal  operation 40.000 

Totals    32.064300 


$35,000 
85.909 
146.275 


9.149 

9366 
90.000 


69.546 
18.613 

172.739 

000 

675.000 

000 

6.000 

16.100 

11.200 

1.600 
36.000 

$1,381,187 


TABLE  XX 
SUMMARY-OPERATING  EXPENSES 


Steam 
operation 


Electric 
operation 


ii.  Maintenance  of  way  and  structures $671,540  $672,096 

B.  Maintenance  of  overhead  structures  and  substations 000  95,710 

C.  Depreciation  of  overhead  structures  and  substations 000  144.084 

O.  Maintenance  of  equipment 1.026.879  610.041 

E.  Depreciation  of  equipment 86.190  64.740 

P,  Transportation  expense 2.064,800  1.381.187 

G.  Taxes 31361 

Totals $3,848,409      $2,908,409 

Steam  operation  expenses $3,848,409 

Electric  operation  expenses 2.908.409 

Annual  saving  effected  by  substitution  of  electric  power $940,000 
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untreated,  and  a  number  of  other  varying  quantities,  and  therefore 
can  hardly  be  definitely  determined  for  all  conditions.  In  the 
table  above,  it  was  assumed  that  50  per  cent  of  the  tie  renewals  was 
proportional  to  the  ton  mileage  per  mile  of  line,  while  the  other 
50  per  cent  was  not  affected  by  the  tonnage.  As  the  electric  ton 
mileage  was  only  85  per  cent  of  the  steam  ton  mileage,  the  esti- 
mate of  the  electric  tie  renewal  cost  was  (85  per  cent  X  50  per 
cent  +  50  per  cent)  =  92.5  per  cent  of  the  steam  tie  renewal  cost. 

Rail  and  Track  Maintenance.  Experience  has  shown  that 
the  wear  and  tear  on  the  rails,  fastenings  and  other  track  material, 
as  well  as  the  cost  of  the  maintenance  and  care  of  the  track 
proper,  varies  according  to  the  traffic  handled  over  the  road. 
Also  the  locomotives,  on  accotmt  of  the  greater  weight  on  the 
axles,  have  been  found  to  cause  more  damage  to  the  track  per  ton 
than  the  cars.  As  there  is  less  ton  mileage  per  mile  of  line  by 
electric  operation  than  by  steam,  on  account  of  the  electric 
locomotives  being  lighter  and  fewer  being  necessary,  as  fewer 
electric  freight  trains  are  operated,  it  is  reasonable  to  expect 
that  the  damage  to  the  track  will  be  much  less  by  electric  opera- 
tion than  by  steam  operation.  It  has  been  definitely  shown  in 
steam  operation  that  if  a  larger  steam  locomotive  is  continuously 
operated  over  a  division,  additional  labor  will  be  required  on 
the  track  of  that  division.  The  cost  of  rail  and  other  track 
material  and  the  maintenance  and  care  of  the  track  in  above  esti- 
mates was  assumed  to  be  directly  proportional  to  the  ton  mileage. 
The  greater  damage  per  ton  by  the  locomotive  was  ignored,  as 
it  was  desired  to  make  a  conservative  estimate. 

Maintenance  and  Care  of  Roadbed.  This  account  includes  such 
items  as  cleaning  ditches,  sloping  cuts,  removing  slides,  cutting 
weeds,  protection  of  the  roadbed  from  water,  etc.,  and  will  not 
be  affected  by  electric  operation.  It  is  included  in  the  above 
table  and  mentioned  here  in  order  that  it  will  not  be  confused 
with  the  track  maintenance. 

Signals  and  Telegraph.  The  cost  of  the  signal  system  main- 
tenance, which  by  steam  operation  is  operated  by  storage  bat- 
teries, would  be  considerably  reduced,  as  no  battery  expense 
wotdd  be  necessary,  while  on  the  other  hand  the  telegraph  line 
maintenance  would  cost  more,  on  account  of  the  interference  of 
the  trolley  and  high-tension  line  circuits. 

Engine  Houses  and  Shops.  This  expense  will  be  much  reduced 
by  electric  operation,  both  because  there  will  be  no  smoke  and 
gases  to  contend  with  and  because  fewer  electric  locomotives 
will  be  handled. 
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Locomotioe  Fuel  and  Water  Stations,  These  items  will,  of 
course,  not  be  necessary  for  electric  operation.  However,  if 
water-cooled  transformers  are  used,  a  portion  of  the  water  sta- 
tion expense  will  be  necessary. 

Roadway  Tools  and  Supplies,  Half  of  this  item  is  assumed  to 
be  independent  of  electrification,  the  other  half  is  assumed  to 
vary  as  the  ton  mileage,  as  the  track  maintenance  expenses  wiU 
be  greater  if  the  traffic  is  greater,  and  by  electric  operation  the 
ton  mileage  would  be  less  than  by  steam  operation. 

Maintenance  of  Overhead  Structures.  The  typical  arrange- 
ment of  the  overhead  structtires  proposed,  where  there  are  no 
yards,  is  to  have  high-tension  steel  tower  lino,  paralleling  the 
track  and  the  bracket  arm  type  of  trolley  construction,  with  wood 
poles  and  one  feeder  wire.  The  figure  of  $150.00  per  mile  used 
to  cover  the  maintenance  and  inspection  was  based  upon  the 
present  cost  of  steel  tower,  wood  pole  and  interurban  trolley 
line  maintenance  in  this  western  section,  an  allowance  being 
made  for  the  more  expensive  maintenance  cost  of  the  heavier 
construction  needed  on  a  trunk  line  railroad.  The  same  men  are 
to  be  used  to  look  after  both  the  high-tension  and  trolley  lines. 
The  figures  given  above  for  the  span  and  steel  bridge  construc- 
tion were  estimated  in  like  manner. 

Maintenance  of  Substations.  No  attendants  were  considered 
necessary,  as  it  is  assumed  that  the  inspection  and  light  main- 
tenance could  be  done  by  the  linemen.  In  case  of  accident,  the 
trouble  department  would  take  hold,  as  is  now  done  by  the  wreck- 
ing crew  on  steam  railroads,  portable  substations  being  provided 
in  case  of  a  complete  shut-down. 

Depreciation  of  Overhead  Structures  and  Substations.  In  addi- 
tion to  the  maintenance  of  the  overhead  structures  and  substations 
there  is  also  the  depreciation  and  renewal  expense,  and  Table 
XVI  shows  the  percentage  used  in  this  estimate. 

Locomotive  Repairs.  Experience  has  shown  that  the  repair 
expense  of  an  electric  locomotive  is  much  less  than  that  of  a 
steam  locomotive,  which  should  be  the  case,  as  there  is  no  boiler, 
firebox,  smoke  stack  or  tender  on  an  electric  locomotive,  as  has 
been  stated  before. 

Also,  there  are  operating  factors  entering  into  the  repair 
cost  which  should  be  considered.  Table  XXI  below  gives  some 
cost  data  of  a  Western  railroad,  which  will  be  useful  in  showing 
the  effect  of  different  operating  factors  on  the  repair  expense. 
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TABLE  XXI 


Total 

MUes 

Annual 

Repair 

weight 

Weight 

Average 

Number 

per  year 

repair 

cost  per 

Class  of  locomotive 

with 

on 

number 

of 

per  loco- 

cost of 

tooomo- 

loaded 

drivers 

of  loco- 

years 

motive 

each 

Uve 

tender 

pounds 

motives 

record 

loco  mo- 

mile 

(tons) 

tive  . 

Paseencer    locomo- 

tives,Atlantic  type 

165 

105.000 

11 

8yrs. 

60.600 

$4200 

6.95c 

Passenger     locomo- 

tives. Pacific  type. 

192 

U1.000 

7 

8yrs. 

65.100 

5650 

8.52c 

Freight    locomotive 

Consolidated  sim- 

150 

178,000 

5 

9yr8. 

23.500 

2500 

10.67c 

Preight    locomotive 

consolidated    sim- 

ple type 

185 

187.000 

63 

5  yrs. 

30300 

3845 

12.69c 

Helper    locomotive 

Consolidated  com- 

pound tjrpe 

165 

166.300 

15 

6yrs. 

14.500 

2786 

19.21c 

Switch    locomotive 

10-wheeltype 

110 

140.000 

13 

9  yrs. 

In 

service 
4760 
hours 

peryr. 

1950 

The  above  figures  are  averages  of  several  years,  but  since  the 
cost  of  both  labor  and  material  has  greatly  increased  during  the 
last  few  years,  the  averages  shown  are  somewhat  less  than  what 
the  actual  cost  now  is.  The  annual  repair  cost  of  the  high-speed 
steam  passenger  locomotives  is  shown  above  to  be  much  higher 
than  the  low-speed  freight  locomotives,  but  the  locomotive-miles 
per  year  of  the  passenger  locomotives  is  so  much  greater  than  the 
annual  mileage  of  the  freight  locomotives  that  the  cost  per  loco- 
motive-mile— which  is  really  a  measure  of  the  cost  of  train  opera- 
tion— ^is  considerably  less  for  the  passenger  locomotives.  It  will 
also  be  noted  that  the  repair  cost  seems  also  to  vary  with  the 
weight  of  the  locomotive,  and  especially  the  weight  on  the  drive 
wheels. 

The  high  cost  shown  for  the  helper  locomotives  resulted  from 
three  causes.  The  annual  mileage  was  very  low.  The  engines  were 
used  on  the  maximum  grades  and  consequently  when  ascending 
these  grades  were  stressed  to  their  maximum  and  also  required 
full  braking  when  descending  these  heavy  grades.  The  more 
complicated  mechanism  of  compound  engines  is  also  more  ex- 
pensive to  maintain  than  that  on  simple  engines. 

Thus  the  cost  of  locomotive  repairs  varies  according  to  kind 
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of  service,  class  of  engine,  grades,  mileage,  etc.  A  study  of  the 
repair  cost  details  shows  that  they  are  in  many  cases  affected  by 
local  conditions.  Thus  the  kind  of  water  available,  especially 
in  some  sections  of  the  West,  where  considerable  alkali  water  is 
present,  may  cause  the  boiler  maintenance  expense  to  become 
very  large.  The  following  is  an  estimate  of  the  relative  repair 
cost  of  steam  and  electric  locomotives  for  the  road  considered, 
it  being  assumed  that  only  a  small  amount  of  alkali  water  is  used 
in  the  locomotives. 

Locomotive 
repair  expense 

Steam  Electric 

Per  cent         Per  cent 

Boiler,  firebox,  tender,  tmoke  stack 38  0 

Rnnsinc  gear  and  machinery 02  45 

Total 100 45 

The  steam  locomotive  percentages  segregated  above  were 
estimated  from  a  study  of  the  details  of  the  repair  expense  of  one 
railroad  with  conditions  similar  to  the  road  here  considered.  The 
method  of  keeping  the  records  made  it  impossible  to  get  an  ab- 
solute segregation  of  the  costs,  but  I  beUeve  the  above  is  a  fair  esti- 
mate. The  electric  locomotive  percentages  were  estimated  from 
the  steam  records.  The  nmning  gear  repair  expense  was  con- 
sidered the  same  for  both  locomotives.  The  maintenance  ex- 
pense of  the  control  apparatus  and  electrical  equipment  is  not 
high  on  most  modem  electric  locomotives,  and  it  is  reasonable  to 
expect  it  to  be  less  than  the  steam  machinery  costs,  and  it  was 
considered  so  in  the  above  estimated  segregation.  The  painting 
and  other  miscellaneous  expenses  will  not  be  any  greater  with  an 
electric  locomotive  and  probably  will  be  a  little  less.  The  final 
results  consider  the  electric  locomotive  repair  expense  to  be 
only  46  per  cent  of  the  steam  locomotive  repair  expense  for  the 
road  here  considered.  The  reliability  of  this  estimate  will  now 
be  checked  by  giving  some  actual  figures  of  the  relative  repair 
cost  of  steam  and  electric  locomotives. 

The  published  figures  of  the  N.Y.C.  &  H.R.R.R.  (Vol.61, 
A.S.C.E.)  show  that  the  steam  locomotives  cost  $1842.00  for 
repair  during  335  days,  while  the  electric  locomotives  only  cost, 
during  350  days,  for  the  same  service,  $704.00.  The  electric 
locomotive  repair  cost  on  the  N.Y.C.  &  H.R.R.R.  is  thus  only 
36.5   per  cent  of  the  steam  locomotive]  repair  cost.    Anoth 
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set  of  published  figures  gives  for  1908  the  cost  per  locomo- 
tive-mile as  2.83  cents  for  New  York  Central  electric  loco- 
motives, and  between  26,000  and  27,000  locomotive-miles  as  the 
annual  mileage  of  35  locomotives.  The  Interstate  Commerce 
Commission  records  for  1908  show  8.2  cents  per  locomotive  mile 
for  all  steam  engines  of  the  N.Y.C.  &  H.R.,  with  annual  mileage 
of  28,950  per  locomotive,  the  annual  passenger  locomotive  mile- 
age being  38,400  and  the  annual  freight  locomotive  mileage  being 
21,000  per  locomotive.  The  cost  per  locomotive-mile  segre- 
gated between  passenger  and  freight  service  was  not  given.  The 
1912  New  York  Central  electric  locomotive  repair  cost  published 
is  3.34  cents  per  locomotive-mile. 

The  figures  published  by  Mr.  Gibbs  of  the  Pennsylvania  R.R. 
give  the  electric  locomotive  repair  cost  as  5.91  cents  per  loco- 
motive-mile, the  New  Jersey  Division  steam  locomotive  repair 
cost  as  8.83  cents  per  locomotive  mile,  and  the  average  of  steam 
locomotives  for  all  divisions  of  the  Pennsylvania  as  11.9  cents  per 
locomotive-mile.  The  electric  locomotive  repair  expense  is  thus 
only  67  per  cent  of  the  steam  expense  on  the  New  Jersey  Division 
and  only  60  per  cent  of  the  steam  repair  expense  on  all  divisions. 
The  annual  mileage  of  the  electric  locomotives  was  26,000, 
28  per  cent  of  which  was  switching.  The  steam  mileage  is  not 
given,  but  from  Interstate  Commerce  Commission  reports  for 
1910  it  is  shown  as  27,610  for  the  whole  road. 

The  extremely  heavy  grades  on  the  electrified  section  of  the 
Pennsylvania  railroad  of  course  moke  the  repair  cost  of  the  elec- 
tric locomotives  considerably  higher  than  if  they  were  operated 
over  a  section  with  the  grades  as  low  as  the  average  of  the  whole 
road,  and  consequently  the  relative  cost  of  steam  and  electric 
locomotive  repairs  will  be  even  less  than  shown.  The  electric 
locomotives  of  the  P.  R.R.  are  also  much  more  powerful  than  the 
steam  locomotives. 

All  things  considered,  it  is  probable  that  the  electric  locomotive 
repair  cost  will  be  even  lower  than  45  per  cent  of  the  steam  loco- 
motive repair  cost,  which  was  estimated  above  for  the  road  con- 
sidered, and  used  in  making  the  comparative  estimate  of  steam 
and  electric  operating  expenses.  For  the  road  considered,  the 
repair  expense  for  steam  passenger  locomotives  was  taken  at  10 
cents  per  locomotive-mile,  and  steam  freight,  helper  and  switching 
locomotives  14  cents  per  locomotive-mile,  which  figures  were 
based  on  the  present  locomotive  repair  costs  on  a  Western  railroad 
where  similar  conditions  exist.     The  electric  locomotive  repair 
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expense  will  thus  be  4.5  cents  per  locomotive-mile  for  passenger 
locomotives  and  6  cents  per  locomotive-mile  for  freight  service. 
The  helper  locomotives  are  more  expensive  to  maintain  than 
road  engines,  but,  on  the  other  hand,  the  switching  locomotives 
cost  less.  The  freight,  helper  and  switching  locomotives  were 
combined  in  order  to  simplify  computations. 

Electric  Motor  Car  Repairs,  There  are  numerous  data  available 
on  the  repair  cost  of  motor  cars  and  3  cents  per  car-mile,  exclusive 
of  inspection,  which  is  included  under  the  head  of  engine-house 
expenses,  was  used  in  the  above  estimate. 

Passenger  and  Freight  Car  Repairs,  These  items  will  decrease 
by  electric  operation,  as  some  passenger  cars  would  be  released 
by  the  use  of  electric  motor  cars,  and  in  like  manner  the  freight 
car  repairs  account  is  decreased  by  electric  operation  on  account 
of  no  coal  cars  being  used  for  hauling  locomotive  coal,  as  power  is 
purchased. 

Depreciation  of  Locomotives,  An  electric  locomotive  will  have 
a  longer  life  than  a  steam  locomotive,  and  thus  the  rate  of  de- 
preciation will  be  less.  However,  the  electric  locomotive  usually 
costs  so  much  more  than  a  steam  locomotive  that  the  actual  de- 
preciation charge  per  locomotive  is  generally  greater  in  the  case 
of  the  electric  locomotive.  On  the  other  hand,  the  number  of 
steam  locomotives  required  to  handle  a  given  traffic  is  in  most 
cases  much  greater  than  the  nimiber  of  electric  locomotives  re- 
quired and,  consequently,  the  total  depreciation  is  generally 
greater  for  steam  operation.  The  statement  below  shows  the 
depreciation  percentages  used  in  the  above  tables.  The  steam 
locomotive  figures  were  obtained  from  the  auditing  department 
of  a  western  line.  The  electric  figures  were  estimated,  and  al- 
though the  modem  electric  locomotive  has  been  in  use  only  half 
the  time  allowed  below  for  its  life,  I  think  past  experience  justifies 
the  expectation  of  the  life  allowed.  In  any  case,  I  do  not  believe 
there  is  any  question  as  to  the  relative  life  of  steam  and  electric 
locomotives. 

Steam  Electric 

locomotive      locomotive 

Per  cent  Per  cent 

First  ooet  of  locomotive 100  100 

Salvage  value  when  worn  out 20  30 

Total  oott 80  70 

Bstimated lif e 20|  yr.  Zbyt. 

Annual  depreciation 3%  2% 
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Depreciation  of  Passenger  and  Freight  Cars.  The  following 
statement  shows  the  methods  used  and  the  percentiles  esti- 
mated for  these  items: 


Sted  freight 
can  can 

Per  cent  Per  cent 

Pint  cost 100  100 

Salvage  value 16  20 

Total  cost 85  80 

Estimated  life 28|  yr.  261  yr. 

Annual  depreciation 3%  3% 

Enginemen  and  Motormen.  The  wages  of  the  motormen  on 
the  electric  locomotives  were  assumed  to  be  the  same  as  those  of 
the  enginemen  on  the  steam  locomotive,  but  the  motormen  on 
the  electric  motor  cars  were  taken  as  equal  to  about  what  would 
be  paid  for  trolley  car  service.  Although  no  fireman  is  needed 
on  electric  locomotives,  two  men  were  assumed  necessary  for  all 
electric  road  and  helper  locomotives;  but  on  switching  locomo- 
tives, which  have  a  conductor,  and  sometimes  two  or  three  switch- 
men, only  a  motorman  was  allowed.  When  two  electric  loco- 
motives are  used  on  a  helper  district  to  assist  the  road  locomotive, 
only  one  crew  was  allowed,  as  the  electric  helper  locomotives, 
being  equipped  with  multiple-unit  control,  can  be  operated  by 
one  crew. 

Trainmen,  The  reduction  in  this  item  is  caused  by  operating 
fewer  freight  trains  and  in  the  case  of  the  motor  car  trains  a 
smaller  train  crew  will  be  required  than  in  the  case  of  a  steam  train. 

Fuel  Expense,  All  coal  used  on  a  steam  locomotive  is  not 
utilized  in  hauling  trains  but  a  good  deal  is  wasted  by  radiation 
while  the  locomotive  is  standing  on  sidings ,  imperfect  combustion 
in  the  firebox,  starting  fire,  etc.,  and  the  loss  of  energy  is  very 
much  greater  than  wotdd  be  the  case  in  a  steam-electric  plant 
generating  power  for  electric  operation  of  a  railroad.  The  figures 
published  by  Mr.  W.  S.  Murray  in  a  discussion*  in 
November,  1907,  indicate  that  it  requires  about  double  the 
coal  for  operation  of  the  steam  locomotives  of  the  N.  Y.  N.  H. 
&  H.  R.R.  that  it  does  to  generate  power  in  a  steam-electric 
power  plant  for  operation  of  its  electric  locomotives  in  the  same 
service. 

There  are  few  railroads  where  coal  is  obtained  for  less  than  from 
$2.00  to  $2.25  per  ton  and  some  pay  more  than  double  the  high- 

♦Trans.  a.  I.  E.  E..  Vol.  XXVI.  1907,  p.  1080. 
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est  figure  mentioned.  For  the  road  here  considered,  coal  will  be 
estimated  to  cost  $2.25  per  ton  and  be  delivered  at  terminal  No.  4. 

The  quantity  of  coal  is  the  same  as  the  actual  amount  used  on 
a  steam  railroad  for  all  classes  of  service  where  conditions  are 
similar  to  those  here  discussed. 

The  hauling  of  the  locomotive  coal  over  the  railroad's  own  line 
is  a  very  important  item,  as  it  amounts  to  174,000,000  ton-miles, 
as  it  was  assumed  to  be  delivered  to  the  railroad  at  terminal 
No.  4  at  the  east  end  of  the  line.  In  this  connection,  attention 
should  be  called  to  the  fact  that  if  some  section  of  the  railroad 
toward  the  west  was  considered  for  electrification,  the  cost  of 
hauling  the  coal  over  the  other  portion  of  the  line  should  properly 
be  considered  in  connection  with  electrification  estimates.  For 
the  case  here  considered,  the  cost  of  hauling  the  coal  is  taken  care 
of  by  allowing  fewer  train-miles,  fewer  locomotive-miles  and  fewer 
ton- miles,  in  the  figures  given  for  electric  operation. 

Electric  Power.  The  quantity  of  electric  powei-  needed  was 
computed  from  the  grades,  train  weights,  speed  and  other  neces- 
sary data.  The  average  power  for  a  train  of  two  motor  cars  and 
trailer,  making  stops  every  six  or  eight  miles,  was  taken  at  40 
watt-hours  per  ton-mile.  The  passenger  locomotive  trains  were 
allowed  31  watt-hours  per  ton-mile.  The  freight  trains  were 
allowed  26  watt-hours  per  ton-mile  and  the  switching  locomotives 
were  allowed  45  watt-hours  per  ton-mile. 

As  stated  above,  the  power  is  to  be  purchased  and  delivered 
into  the  railroad's  high-tension  transniission  line  at  terminal  No. 
3.  The  rate  to  be  paid  for  electric  power  in  any  locality  depends 
upon  the  local  conditions,  the  load  factor,  cost  of  coal,  etc. 

The  load  factor  on  most  of  the  present  electrically  operated 
railroads  is  generally  very  low.  This  will  not  be  the  case  when  the 
long  trunk  lines  of  railroad  are  electrically  operated,  as  the  heavy 
through  passenger  and  freight  trains  operate  night  and  day,  and 
although  there  will  be  peaks  in  the  load  curve,  I  am  inclined  to 
believe  that  the  power  required  to  operate  the  railroad  dtuing 
difEerent  times  of  the  day  or  year  will  be  surprisingly  uniform. 

As  an  example,  take  the  railroad  considered:  The  greatest 
number  of  trains  upon  the  line  at  one  time  on  the  maximum  day 
of  the  year  would  be  four  motor  car  passenger  trains,  five  through 
passenger  trains  and  18  freight  trains.  Some  of  these  would  be 
operating  against  grades  and  others  would  be  running  down  grades . 
The  maximtmi  power  on  five-minute  peaks  for  operating  these 
trains  should  not  exceed  about  20,000  horse  power.   The  average 
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load  for  the  year  would  be  13,700  horse  power.  Considering  the 
annual  load  factor  equal  to  the  ratio  of  the  average  load  of  the 
year  to  the  maximum  five-minute  peak,  the  annual  load  factor 
for  the  above  railroad  would  thus  amount  to  68.5  per  cent. 
Allowing  for  emergencies  and  delayed  trains,  the  load  factor 
should  not  get  lower  than  60  per  cent. 

On  the  basis  of  coal  at  $2.25  per  ton  and  a  load  factor  of  60 
per  cent,  there  should  not  be  much  trouble  in  purchasing  electric 
power  at  0.75  cent  per  kw-hr.,  which  figure  was  used  in  above 
estimates.  However,  at  most  points,  a  very  high  grade  of  coal 
is  required  for  use  on  the  locomotives,  whereas  a  steam-electric 
plant  can  be  designed  so  that  slack  or  any  of  the  low-cost  grades 
of  coal  could  be  used.  In  the  intermountain  section  of  the  West, 
the  cost  of  slack  coal  is  less  than  half  that  of  run-of-mine  coal, 
which  is  used  for  locomotives,  and  in  a  steam  plant  slack  coal  is 
nearly  as  efficient  as  run-of-mine  coal. 

In  many  sections  of  the  West,  the  development  of  numerous 
hydroelectric  plants  at  extremely  low  construction  cost  has  made  it 
possible  to  obtain  power  at  some  points  at  considerably  lower  cost 
than  0.75  cent  per  kw-hr.,  which  was  used  in  the  above  estimate. 
For  instance,  the  Great  Falls  Power  Company  has  made  a  rate 
of  0.536  cent  per  kw-hr.  to  the  Chicago,  Milwaukee  &  Puget 
Soimd  Railway,  and  agrees  to  construct  some  of  the  high-tension 
lines. 

Engine  House  Expenses.  The  steam  engine  house  expenses 
would  be  very  much  reduced  if  the  road  were  electrically  operated, 
for  two  reasons.  There  would  be  fewer  inspections  necessary 
with  electric  locomotives,  and  the  nature  of  the  engine  house 
work  is  such  as  to  require  much  less  expense  with  electric  loco- 
motives, as  there  is  no  boiler  washing,  firebox  cleaning,  ash  pit 
expense,  etc.,  with  electric  locomotives. 

It  is  customary  to  clean  the  firebox  and  give  the  steam  loco- 
motive a  thorough  inspection  after  each  run,  although  boiler 
washing  is  only  (Jone  after  two  or  three  runs,  depending  upon  the 
quality  of  the  water  obtained.  The  practise  with  electric  loco- 
motives is  to  give  them  an  inspection  after  a  certain  mileage, 
which  ranges  from  1200  to  2500  miles  on  different  roads,  as 
explained  before.  For  the  road  here  discussed,  an  allowance 
was  made  for  an  inspection  of  the  electric  locomotives  after  every 
round  trip,  which  would  mean  an  inspection  after  the  locomotive 
had  made  a  little  over  300  miles.  Possibly  this  allows  too  high 
an  expense  for  the  electric  locomotive,  but  the  estimates  will  be 
conservative.  L^yu^^u uy  ^^ ^ ^^"^ 
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It  would  be  necessary  to  handle  through  the  engine  house  at  the 
terminals  annually  about  40,000  steam  locomotives,  or  14,000 
electric  locomotives,  which  in  both  cases  contains  an  allowance 
for  contingencies  which  always  happen.  Fewer  electric  loco- 
motives are  handled  also  because  there  are  fewer  electric  than 
steam  trains. 

The  cost  per  steam  engine  handled  varies  according  to  local 
conditions  and  other  things.  In  the  above  estimates  $2.50  per 
steam  engine  handled  was  allowed,  which  is  based  on  actual  opera- 
tion costs  where  conditions  are  similar  to  the  road  discussed.  The 
details  of  this,  together  with  the  estimated  cost  of  handling  elec- 
tric locomotives,  are  shown  in  Table  XXII  below. 

TABLB  XXII 
BNGINB  HOUSE  BXPBNSBS 


Steam 

Blectric 

locomotives 

locomotives 

Percent 

Per  cent 

1.3 

1.3 

0.0 

2.0 

7.0 

6.0 

2.3 

2.3 

16.7 

11.7 

42.2 

0.0 

3.6 

0.0 

1.0 

0.0 

2.7 

2.7 

2.8 

0.0 

1.3 

1.2 

5.4 

5.1 

1.2 

1.0 

2.4 

0.0 

5.4 

0.0 

4.7 

0.0 

Engine  boose  foreman 

Blectfic  inspectors 

Hostlers  and  helpers 

Engine  crew  callers 

Wiping  and  cleaning 

BoOer  washoat 

Cleaning  flues 

Stack  inspectors 

Supply  men *...•• 

Firing  up  engines 

Sanding  engines 

TnmUble  (hand) 

Sweeping  engine  house 

Fueling  engines 

Cleaaing  fire  txnes,  etc 

Cleaning  ash  pits 

Totals 100.0  33.3 


Thus  it  is  estimated  that  it  only  costs  one-third  as  much  to 
handle  an  electric  locomotive  throxigh  the  engine  house  as  it 
takes  to  handle  a  steam  locomotive.  At  (2.50  per  locomotive 
for  steam  operation  would  mean  about  80  cents  per  locomotive 
for  electric  operation. 

The  New  York  Central  figures  published  by  Mr.  WUgus  in 
Vol.  61,  A.S.C.E.,  give  $3.37  per  day  for  steam  locomotives  and 
55  cents  for  electric  locomotives,  or  the  electric  cost  of  engine 
house  expenses  only  16.3  per  cent  of  the  steam. 
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Return  on  Investment  ' 

The  estimated  cost  of  the  electrification  of  the  467-mile  rail- 
road considered  above  was  (7,960,000.  The  return  on  this 
investment  on  account  of  the  saving  in  operating  expense  was 
estimated  at  about  (940,000  per  year.  The  interest  earned  on 
the  money  used  for  the  electrification  of  this  road  wotdd  thus  be 
11.8  per  cent.  If  it  is  necessary  to  borrow  the  money  for  this 
purpose,  and  if  it  can  be  obtained  at  5  per  cent  interest,  there 
would  remain  a  profit  to  the  railroad  of  6.8  per  cent  of  the  net  cost 
of  electrification. 

Besides  this  increase  in  the  railroad's  revenue,  it  will  generally 
be  possible  by  operating  a  frequent  local  passenger  train  service 
with  frequent  stops  to  increase  the  passenger  earnings  and  add 
considerably  more  money  to  the  net  revenue  of  the  railroad. 
There  are  very  few  localities  where  local  passenger  trains  are 
now  operated  which  would  not  at  least  add  $500.00  per  year 
per  mile  of  line  to  the  gross  revenue  if  frequent  interurban  cars 
were  substituted  for  the  local  steam  train.  This,  of  coiu-se,  will 
depend  upon  the  density  of  the  population,  local  conditions,  etc. 
However,  the  increase  in  passenger  revenue  may,  under  the  con- 
ditions in  many  localities,  amount  to  several  thousand  dollars 
per  year  per  mile  of  line,  and  is  a  very  important  consideration 
wherever  electric  operation  is  proposed.  At  the  rate  of  only 
(500.00  for  the  467-mile  railroad  considered,  the  increased 
passenger  revenue  wotdd  amount  to  (233,500.00  per  year,  which 
wotdd  add  materially  to  the  revenue  resulting  from  electrifica- 
tion. 

Conclusions 

As  stated  at  the  beginning,  the  great  objection  to  the  elec- 
trification of  steam  railroads  is  the  heavy  expenditure  involved, 
while  the  chief  reason  for  considering  the  electric  operation  of 
steam  railroads,  aside  from  some  special  conditions  at  local 
points,  was  to  increase  the  net  earnings  of  the  road.  It  was 
further  stated  that  the  answer  to  the  question  of  whether  the 
increased  net  earnings  which  would  result  from  the  electric 
operation  would  be  great  enough  to  pay  interest  on  the  cost  of 
electrification,  and  besides  leave  a  profit,  could  only  be  had  by 
making  a  careful  investigation  of  each  individual  road. 

The  example  taken  above  was  not  chosen  to  favor  electric 
operation  but  was  taken  to  show  actual  conditions.  It  will  be 
noted  that  the  quantity  of  trafiic  assumed  was  comparatively 
small,  which  of  course  does  not  favor  electric  operation.    The 
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data  given  above,  which  will  be  found  similar  to  those  on  many 
steam  railroads,  show  that  the  traffic  on  many  of  the  trunk  rail- 
roads now  operated  by  steam  locomotives  could  be  more  econom- 
ically handled  by  electric  locomotives.  The  fact  that,  electric- 
ally operated,  the  road  considered  above  could  handle  the  same 
traffic  with  about  25  per  cent  less  train  mileage  and  locomotive 
mileage  than  when  operated  by  steam,  and  with  15  per  cent  less 
ton  mileage  and  about  half  as  many  locomotives  as  are  needed 
for  steam  operation,  is  certainly  deserving  of  serious  considera- 
tion. 

The  overload  characteristic  which  makes  it  possible  for  the 
electric  locomotive  to  haul  heavier  freight  trains  over  the  short 
heavy  grade  sections  than  can  be  done  by  steam  locomotives  was 
illustrated  above,  and  would  indicate  that  considerable  money 
now  expended  upon  grade  reductions  of  steam  railroads  would  not 
be  warranted  if  the  road  were  electrically  operated. 

There  has  been  considerable  discussion  lately  as  to  the  ad- 
visability of  each  railroad  company  building  a  power  plant  of  its 
own,  or  else  purchasing  power  from  a  central  power  company 
for  railroad  operation.  One  advantage  of  purchasing  power  is 
that  the  load  factor  of  the  large  power  companies'  plants  is 
usually  high,  whereas  on  most  railroads  now  operating  by  electric 
power  the  load  factor  of  the  railroad  power  plants  is  generally 
low  and,  consequently,  cost  of  generating  power  in  the  railroad 
plants  is  high.  However,  on  the  other  hand,  the  load  factor  of  a 
long  trunk  line  will  probably  be  high  and  the  advantage  of  high 
load  factor  in  a  power  company's  plant  will  in  many  cases  dis- 
appear. 

The  most  important  advantage  in  favor  of  railroads  purchasing 
power  for  electric  operation  is  that  the  heavy  investment  neces- 
sary for  electrification  would  be  reduced.  It  appears  to  me  that 
the  relative  advantages  of  purchasing  or  generating  electric 
power  will  have  to  be  determined  by  local  conditions.  The  com- 
petition between  various  railroads  wotdd,  of  course,  be  a  very 
important  consideration  and  is  probably  one  of  the  principal 
objections  to  the  purchasing  of  power  from  central  stations. 
However,  if  a  long  time  contract  cotdd  be  made  with  a  power 
company  at  a  low  rate,  it  wotdd  have  many  advantages. 

Another  important  point  is  suggested  in  connection  with  the 
electrification  of  steam  roads  and  supplying  electric  power  for 
them,  which  should  be  mentioned  before  closing  this  paper.  At 
many  points  in  the  country,  large  steam-electric  central  stations 
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have  been  constructed  and  at  the  present  time  the  amount  of 
coal  hauled  from  the  mines  to  these  central  stations  has  become 
very  large.  It  is  also  absolutely  necessary  that  nothing  delay 
the  delivery  of  coal  to  the  central  stations,  as  the  business  of  a 
whole  community  could  be  easily  tied  up  if  the  electric  power 
supply  were  cut  off.  Consequently,  if  in  providing  for  future 
power  at  such  points  as  Chicago  and  New  York,  steam-electric 
plants  be  constructed  at  suitable  points  in  the  vicinity  of  the  coal 
mines  of  Indiana,  lUinois  and  Pennsylvania,  and  high-tension 
lines  be  constructed  from  these  new  plants  to  Chicago  and  New 
York,  the  providing  of  additional  railroad  facilities  for  power 
plant  coal  hauUng  would  not  be  necessary.  Also,  the  present 
steam  plants  would  insure  a  power  supply  at  the  distributing 
points  during  the  short  interruptions  which  occur  on  high-tension 
transmission  lines. 

The  advantage  of  this  arrai^ement  to  the  railroads  would  be 
that  if  the  high-tension  lines  were  constructed  upon  the  right 
of  way  of  the  railroad  lines,  the  railroads  could  obtain  electric 
power  for  their  substations,  when  the  roads  were  ultimately 
electrified,  without  the  heavy  expense  of  constructing  high-ten- 
sion lines  of  their  own.  The  question  as  to  whether  the  railroads 
should  own  the  whole  or  a  part  of  the  power  companies,  is,  of 
course,  a  matter  which  will  have  to  be  determined  by  local  condi- 
tions. 

Where  water  power  is  plentiful,  as  is  the  case  in  nmny  sec- 
tions of  the  West,  the  advantage  of  being  able  to  tie  in  isolated 
hydroelectric  plants,  located  at  points  where  there  is  only  a  small 
market  for  power,  to  a  network  of  high-tension  lines  on  the  rail- 
road rights  of  way  extending  to  localities  where  there  is  a  market 
for  power,  is  evident.  Also  the  chief  objection  to  the  electrifica- 
tion of  steam  railroads  (the  heavy  first  cost)  would  be  made  of 
less  importance  by  this  arrangement. 
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Discussion  on  "  2400- Volt  Railway  Electrification  " 
(Hobart)  and  "  Trunk  Line  Electrification"  (Kahler). 
New  York,  May  20,  1913. 

A.  H.  Armstrong:  The  two  papers  presented  before  the  In- 
stitute at  this  meeting  arrived  at  the  same  happy  conclusion  as 
to  the  benefits  to  be  secured  in  the  electrification  of  steam 
roads,  but  differ  as  to  the  means  of  securing  this  end.  In  other 
words,  one  paper  advocates  the  single-phase  and  the  other  the 
direct-current  motor.  Instead,  therefore,  of  following  the  usual 
procedure  of  side-stepping  the  question  of  single-phase  versus 
d-c.,  I  will  confine  my  remarks  to  a  broad  discussion  of  this 
question  as  affecting  the  general  subject  of  electrification. 

We  seem  to  be  entering  an  era  of  electrification  of  steam  roads, 
and  perhaps  the  enthusiast  for  single-phase  alternating  trolley 
operating  at  high  potential  may  be  unduly  influenced  in  drawing 
his  conclusions  by  reason  of  the  small  tonnage  carried  on  some 
of  the  lines  where  electrification  is  proposed.  A  high- voltage 
trolley  means  a  minimum  expense  for  copper  and  substations, 
but  ah  increased  cost  of  motive  power.  Looking  at  the  matter 
broadly  and  considering  that  the  investments  made  today  should 
be  based  upon  taking  care  of  the  traffic  of  to-morrow,  it  is  reason- 
able to  figure  the  first  cost  of  electrification  of  any  given  road  on 
the  basis  of  an  increase  of  50  per  cent  or  100  per  cent  over  the 
present  tonnage  now  carried. 

It  is  a  well  known  fact  that  the  cost  of  locomotives  equipped 
with  single-phase  a-c.  motors  is  higher  than  that  of  locomotives 
equipped  with  direct-current  motors  capable  of  doing  similar 
work.  When  the  tot^  expense  for  motive  power  is  small,  that 
is,  when  the  road  is  carrying  a  small  tonnage  and  trains  are  in- 
frequent, the  high  cost  of  locomotives  does  not  become  burden- 
some, but  with  increase  in  traffic  continually  demanding  larger 
investment  in  motive  power,  the  handicap  of  the  single-phase 
motor  is  more  keenly  felt,  and  may  soon  overbalance  the  apparent 
initial  saving  in  feeder  copper  and  substation  expense  required 
with  the  use  of  the  direct-current  motor.  On  the  other  hand  the 
substation  and  line  copper  expense  is  more  or  less  proportional 
to  the  tonnage  and  speed  of  the  moving  train  and  is  seldom  in- 
fluenced by  the  frequency  of  this  train  service.  In  other  words, 
the  capital  invested  in  substation  and  feeder  copper  to  take  care 
of  the  movement  of  ten  2500-ton  trains  per  day  is  generally  great 
enough  to  permit  the  movement  of  twenty  trains  per  day  of  equal 
tonnage.  The  feedeir  copper  and  substation  installation  therefore 
constitutes  more  or  less  of  a  fixed  capital  investment  subject  to  a 
slight  increase  with  increase  in  tonnage,  while  the  locomotive 
investment  increases  with  the  tonnage,  or  even  faster  when  track 
congestion  commences  to  be  a  factor.  We  are  quite  liable,  there- 
fore, to  turn  the  apparent  saving  of  to-day  into  an  increasing 
burden  of  expense  in  the  future  with  the  increase  in  tonnage 
which  may  be  expected  on  our  tnmk  lines.     Should  the  selec- 
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tion  of  the  single-phase  system  be  based  upon  the  apparent  saving 
in  first  cost  with  present  tonnage,  the  same  reason  may  not  hold 
if  based  upon  the  same  road,  carrying  double  the  tonnage.  In 
other  words,  in  balancing  substation  and  feeder  copper  expense 
against  locomotive  expense  we  are  comparing  what  is  more 
or  less  of  a  fixed  investment  against  one  that  will  increase  in 
due  proportion  to  future  increased  tonnage. 

The  company  with  which  I  am  associated,  in  common  with 
other  investigators,  has  been  for  several  years  developing  a 
piece  of  apparatus  known  as  the  mercury  vapor  rectifier,  and 
the  successful  development  of  this  .rectifier  will  open  up  in- 
creased possibilities  which  we  hope  will  accelerate  the  electri- 
fication movement.  When  developed,  the  rectifier  affords  the 
most  efficient  means  known  of  changing  from  alternating  to 
direct  current.  The  glass  tube  of  10  or  15  kw.  has  expanded 
into  a  steel  rectifier  of  over  1000  kw.  as  it  stands  developed 
to-day,  and  no  immediate  limits  are  in  sight  as  to  the  ultimate 
capacity  of  this  piece  of  apparatus.  While  the  rectifier  is  still 
in  ihe  laboratory  stage  so  far  as  its  actual  commercial  use  is 
concerned,  it  holds  promise  of  being  available  in  the  immediate 
future  and  its  success  will  have  a  bearing  upon  the  electrification 
work  of  the  future. 

There  are  two  methods  of  using  the  rectifier. 

First,  it  can  be  placed  upon  a  locomotive  equipped  with  direct- 
current  motors  and  transformer  used  in  coimection  with  11,000- 
volt  single-phase  trolley  distribution  system.  In  this  case  the 
rectifier  will  operate  single-phase,  will  produce  a  current  that  is 
unidirectional,  but  the  pulsating  character  of  the  current  may 
demand  special  construction  of  the  d-c.  motors.  The  single- 
phase  step-down  transformer  will  also  be  special  in  character  in 
order  to  provide  for  the  needs  of  the  rectifier. 

In  general  the  advantage  offered  by  the  use  of  the  rectifier 
on  the  locomotive  lies  in  the  possibility  of  using  direct-current 
motors  instead  of  single-phase,  and  thus  obtaining  the  admittedly 
better  constants  of  that  type  of  motive  power.  I  know  no 
authority  who  will  question  the  superiority  of  the  direct-current 
motor  over  the  single-phase  a-c.  motor  as  applied  to  traction  work, 
and  the  rectifier  placed  upon  the  locomotive  itself  combines  the 
good  qualities  of  the  d-c.  motor  on  the  locomotive  with  all  those 
advantages  claimed  for  the  single-phase  high-tension  trolley 
distribution. 

Second,  the  rectifier  may  be  placed  in  substations  located  at 
the  most  desirable  points  along  the  right  of  way.  In  this  case 
the  rectifier  will  use  balanced  three-phase  energy  of  any  fre- 
quency, taking  energy  equally  from  all  three  legs  of  the  circuit, 
and  by  using  a  multi-phase  rectifier  it  will  result  in  giving  direct 
current  in  which  the  fluctuations  are  largely  eliminated.  This 
will  enable  such  a  rectifier  substation  to  feed  standard  direct- 
current  motors  and  will  moreover  provide  a  balanced  three- 
phase  load  which  can  be  supplied  from  existing  transmission 
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systems  at  any  frequency  without  causing  undesirable  inter- 
ference with  lighting  and  miscellaneous  load  distribution.  The 
general  advantage  of  locating  the  rectifier  in  the  substation  is 
that  its  eflBciency  will  probably  be  from  10  to  16  per  cent  higher 
than  that  of  a  motor-generator  set,  and  furthermore  the  rectifier 
is  adapted  to  deliver  direct-current  energy  of  any  potential  re- 
quired and  is  therefore  admirably  fitted  to  supply  2400  volts  or 
higher  to  the  trolley.  Furthermore,  the  substation,  being  with- 
out moving  machinery,  can  be  operated  with  a  minimum  of 
attendance  and  may  show  an  attractive  reduction  in  first  cost 
over  motor-generator  set  substations. 

Introducing  the  rectifier  substation  upsets  our  preconceived 
ideas  as  to  the  proper  relation  of  cost  of  substation  and  feeder 
copper,  as  the  rectifier  substation  shows  a  very  marked  increase 
in  efficiency,  decreased  cost  of  complete  substation,  and  we  may 
even  anticipate  the  time  when  it  can  be  operated  without  at- 
tendants in  such  localities  as  would  require  no  attendance  with  a 
a  step-down  transformer  station.  The  success  of  the  rectifier 
therefore  means  just  as  much  to  the  high-voltage  direct-current 
motor  system  as  to  the  single-phase  trolley. 

In  conclusion,  it  seems  to  me  that,  looking  at  the  matter 
broadly  and  without  enthusiasm  but  with  full  knowledge  of 
the  operating  facts  of  to-day  and  the  possibility  of  the  immediate 
future,  the  single-phase  commutating  motor  as  such  is  des- 
tined to  become  more  or  less  a  thing  of  the  past.  It  is  even  a 
grave  question  whether  the  single-phase  trolley  locomotive  of 
any  description,  with  its  interference  with  neighboring  telephone 
and  telegraph  lines,  the  diffictdty  and  expense  of  providing 
single-phase  current  without  erecting  a  generating  and  dis- 
tributing system  devoted  solely  to  railway  apparatus,  and  with 
the  high  first  cost  and  cost  of  maintaining  the  motive  power,  do 
not  all  together  present  diffictilties  which  make  the  single-phase 
troUey  system  imdesirable,  viewed  from  the  standpoint  of  the 
high-voltage  direct-current  motor  and  its  possibilities. 

While  the  Butte,  Anaconda  &  Pacific  direct-current  loco- 
motive was  designed  and  is  now  in  commercial  Operation  at  2400 
volts,  the  company  constructing  it  also  built  and  tested  high- 
potential  direct-current  apparatus  up  to  5000  volts  with  entire 
success,  and  no  objection  can  be  raised  as  to  the  practicability 
of  using  this  high  potential  if  local  conditions  demand  it. 

As  a  final  remark  I  wish  to  state  that  as  evidence  of  the  pos- 
sibility of  having  the  merctiry  rectifier  available  in  the  near 
future,  there  was  run  at  Schenectady  during  the  past  week  a 
test  with  one  of  the  Butte,  Anaconda  &  Pacific  80-ton  loco- 
motives and  a  1000-kw.  mercury  vapor  rectifier,  during  which 
test  no  restrictions  whatever  were  placed  upon  the  motor  out- 
put, such  as  operating  at  full  load,  slipping  the  wheels,  etc.  It  is 
probable  that  within  a  few  months  there  will  be  equipped  for 
demonstration  both  a  locomotive  and  a  stationary  sutetation 
containing  mercury  rectifio^  which  will  be  put  into  commercial 
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operation  to  sectire  the  active  experience  needed  to  make  this 
type  of  apparatus  commercially  available. 

F.  E.  Wjrnne:  In  going  over  Mr.  Kahler's  paper  I  noted 
his  tables  on  the  division  of  time  for  steam  and  electric  loco- 
motives, Tables  IX  and  X,  and  thought  it  would  be  useful  to  plot 
these  (Figs.  1  and  2)  so  as  to  show  at  a  glance  what  might  be  not 
apparent  in  these  tables  without  study.  The  values  for  steam 
are  actual  results,  and  those  for  electric  locomotives  are  Mr. 
Kahler's  estimates. 

The  top  section  in  each  figure  represents  the  time  on  the 
road;  the  bottom  section  represents  the  time  spent  in  the  engine 
house.  It  is  interesting  to  note  that  for  the  passenger  loco- 
motives these  sections  are  approximately  reversed  for  electric 
and  steam  operation.  On  the  freight  engine  the  difference  is  not 
so  great,  although  the  electric  engine  makes  considerable  gain 
over  the  steam.  In  the  freight  diagram  there  is  a  certain  area 
representing  the  time  spent  in  sidings;  in  other  words,  the  loco- 


PASSENGER  LOCOMOTIVES  FREIGHT  LOCOMOTIVES 

STEAM  ELECTRIC  STEAM  ELECTRIC 


Fig.  1 


Fig.  2 


motives  are  ready  for  operation  but  are  not  in  actual  motion 
on  the  road. 

Mr.  Kahler  has  used  an  electric  locomotive  of  much  greater 
hauling  capacity  than  his  steam  engine.  The  steam  engine 
weighs  a  total  of  185.1  tons  with  loaded  tender,  and  has  a 
maximum  tractive  effort  of  43,000  lb.  The  electric  locomotive 
weighs  110  tons,  all  weight  on  drivers,  and  has  a  maximum  trac- 
tive effort  of  55,000  lb.  Applying  these  tractive  efforts  to  show 
what  can  be  done  on  short  ruling  grades,  I  have  worked  out 
Fig.  3,  for  grades  from  level  to  a  maximum  of  4  per  cent,  showing 
the  ratio  between  the  maximum  tonnages  which  the  electric 
and  steam  locomotives  can  haul.  On  level  track  the  electric 
engine  hauls  38  per  cent  more  than  the  steam  engine,  and  on  a 
one  per  cent  grade  approximately  50  per  cent  more.  Grades  up 
to  4  per  cent  are  shown  because  such  grades  occur  on  branches  of 
existing  steam  roads.  Fig.  3  is  based  on  train  friction  of  6 
lb.  per  ton  for  trailing  load,  15  lb.  per  ton  for  the  electric  loco- 
jnotive  and  25  lb.  per  ton  for  the  steam  engine. 
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WT.  ATEAU  LOCOMOTIVE  -f  TENDER  — 186.1  T 
•«  ELfCTHIC  "  —  ito     •• 

MAX.  T.E.  STEAM    ~  4M00  LB. 
•  •    ELECTRIC- 56000     •• 


Mr.  Kahler's  paper  refers  to  gasoline  motor  cars  and  gasoline- 
electric  motor  cars.  In  this  connection  I  think  it  is  well  for  us 
to  remember  that  most  of  the  comparisons  which  have  been  made 
between  steam  locomotive  operation  costs  and  the  costs  of  these 
sdf-contained  motor  cars  have  considered  ever3rthing  in  fig- 
uring out  the  cost  with  steam,  while  in  giving  the  cost  of  the 
self-propelled  units  nothing  is  included  for  track  maintenance, 
signaling,  despatching,  or  general  expenses.  So  the  comparison 
is  not  sdways  a  fair  one. 

I  was  very  much  interested  in  the  table  in  which  Mr.  Kahler 
shows  the  limiting  grades  for  both  electric  and  steam  operation, 
and  where  he  shows  the  tonnage  which  can  be  handled  in  the 
various  districts  with  each  type  of  engine. 

I  think  the  chief  value  to  be  found  in  Mr.  Kahler's  paper, 
aside  from  the  actual  records 
of  steam  operation  which  he 
has  submitted,  is  the  fact  that 
he  has  shown  the  way  to  attack 
the  problem  of  ascertaining 
whether  it  will  pay  to  electrify 
a  steam  road;  he  has  shown 
how  to  analyze  steam  opera- 
tion and  estimate  the  probable 
saving  by  electric  operation. 
His  results  are  very  interesting, 
showing,  for  electric  operation, 
an  aTiTtfiAl  saving  of  $940,000.00, 
on  a  net  investment  of  approxi- 
mately $8,000,000.00  or  a  gross 
investment  of  approximately 
$10,000,000.00.  In  other  words, 
if  we  take  account  of  the 
salvage  for  steam  locomotives, 
the  return  on  the  investment  is 
approximately  11^  per  cent ,  or,  if 
the  steam  locomotives  are  worn 
out  and  there  is  no  salvage  at  all,  we  still  have  9^  per  cent. 

Table  XXI,  page  1216,  throws  some  light  on  the  estimate  of 
locomotive  maintenance  made  by  Mr.  Hobart.  The  figures 
given  in  Table  XXI  show  that  maintenance  is  largely  affected  by 
the  dass  of  traffic  in  which  the  locomotive  is  used.  In  high 
speed  traffic,  where  the  mileage  is  great,  the  cost  per  engine 
mile  is  lower  than  with  low  speed  service.  With  the  exception 
of  those  for  the  helper  engine  all  of  the  figures  given  by  Mr. 
Kahler  are  below  10c.  per  mile  per  100  tons  of  engine;  the  pas- 
senger engines  show  between  4c.  and  5c.  and  the  freight  engines 
between  6c.  and  7c. 

In  Table  XXII,  a  most  interesting  item  is  that  boiler  washout 
requires  42  per  cent  of  the  steam  locomotive's  engine 
house  expenses. 
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Stbaic  Locomotivbs  on  Short 
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In  connection  with  Mr.  Hobart's  paper,  I  have  noticed  some 
things  which  steam  railroad  men  may  see,  and,  knowing  they 
are  somewhat  unusual  for  steam  operation,  may  be  led  to  doubt 
the  value  of  other  figures  in  the  paper. 

On  page  1 153,  for  a  certain  class  of  engine  and  train,  the  pounds 
of  cosd  per  drawbar  horse  power-hour  are  determined.  When 
converted  into  other  units  it  shows,  on  a  basis  of  14,000-B.t.u. 
coal,  the  gross  ton-miles  hauled  are  7.6  for  each  potmd  of  coal; 
and,  on  a  basis  of  11,000-B.t.u.  coal,  6  gross  ton-miles  for 
each  pound  of  coal  burned.  These  values,  I  believe,  are  rather 
high,  even  in  passenger  service,  as  I  have  some  records  of  steam 
operation  which  show  that  this  figure  for  both  freight  and 
passenger  services  is  between  three  and  a  quarter  and  four 
gross  ton-miles  for  each  pound  of  coal  burned. 

The  use  of  bogey  trucks  is  mentioned  for  locomotives  exceed- 
ing 45  miles  per  hour  maximum  speed.  In  this  connection  it 
would  be  of  interest  to  know  what  is  considered  the  limit  of  dead 
weight  per  axle  on  these  leading  trucks. 

CSi  page  1155,  the  writer  gives  some  rather  high  over-all  sub- 
station efficiencies;  89  per  cent  for  dense  service  and  78  per 
cent  for  sparse  service.  These  values  are  high,  and  if  worked 
out  for  the  usual  load  factors,  with  motor-generator  sets  and 
including  the  transformers  and  exciters,  these  percentages  would 
be  decreased  from  7  per  cent  to  10  per  cent.  Otherwise,  it 
is  rather  hard  to  accotmt  for  some  of  the  large  differences  be- 
tween the  input  and  the  output  of  substations  on  actual  roads. 

Mr.  Hobart  informs  us  that  "  for  a  given  life  of  the  contact 
roller,  tests  reveal  the  following  relation  between  the  speed 
of  a  pantagraph  trolley  and  the  current  which  can  be  collected," 
that  with  speeds  varying  from  10  to  60  miles  per  hoxu:  the  roller 
contact  collects  from  1200  to  300  amperes,  respectively.  These 
figtires  seem  very  high,  and  it  would  be  very  interesting  to  the 
Institute  to  know  what  life  of  the  contact  roller  can  be  secured 
with  a  roller  collecting  these  currents  at  these  speeds,  as  the 
roller  is  somewhat  expensive  to  renew. 

The  paper  contains  an  apparent  inconsistency  in  that  34,000 
lb.  is  taken  as  the  drawbar  pull  for  two  of  these  Butte,  Ana- 
conda &  Pacific  locomotives,  and  the  corresponding  speed  is 
taken  at  14  miles  per  hotir.  On  the  next  page  the  continuous 
tractive  effort  is  given  as  26,000  lb.  each,  or  a  total  of  60,000  lb., 
at  15  miles  per  hour.  Evidently  this  speed  of  only  14  miles 
per  hour  at  34,000  lb.  drawbar  pull  takes  accotmt  of  the  large 
line  drop  that  goes  with  a  direct-current  installation.  On 
the  other  hand,  when  it  comes  to  estimating  the  current  to  be 
collected,  2400  volts  at  the  locomotive  is  the  assumed  voltage. 

If  the  speed  curve  of  this  particular  locomotive  were  available, 
I  think  we  should  find  a  somewhat  larger  current  to  be  collected 
at  a  somewhat  higher  speed. 

The  gross-ton-miles  per  ton  of  coal  burned  are  given  as  3.1, 
which  is  in  line  with  the  information  we  have. 
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Reference  is  made  to  44  miles  per  day,  average  for  365  days, 
as  being  a  high  figure  for  Mallet  locomotives.  Some  records 
of  Mallets  in  motmtain  service  averaged  over  periods  of  one 
year  or  more  show  a  minimtmi  of  48  miles,  and  a  maximum  of 
75  miles,  per  day,  and  I  do  not  think  44  miles  is  an  exceedingly 
high  figure,  particularly  as  the  higher  figure  includes  for  each 
locomotive  at  least  one  month  out  of  service  for  general  over- 
hauling. 

In  connection  with  the  96-mile  electrification  of  a  mountain 
grade,  I  think  too  many  electric  locomotive^  are  assumed; 
that  is,  48  double-unit  engines,  when  the  maximiun  number  of 
trains  on  the  line  is  28,  as  shown  in  the  foot-note,  page  1176. 

The  paper  states  that  on  a  basis  of  8  lb.  per  ton  train  friction, 
and  a  grade  of  2.2  per  cent,  the  drawbar  pull  is  found  to  be 
94,000.  This  is,  then,  arbitrarily  increased  36  per  cent  to  allow 
for  bad  weather  conditions.  Of  course,  the  effect  of  grade  is 
the  same  in  all  kinds  of  weather,  therefore,  the  result  of  making 
this  increase  of  36  per  cent  in  drawbar  ptdl  is  that  the  fric- 
tion is  run  up  to  26.7  lb.  per  ton,  which  is  very  high,  even  for  bad 
weather.  If  we  use  these  figures,  we  find  that  the  engine,  with 
128,000  lb.  drawbar  puU,  for  1800  tons  trailing  in  bad  weather, 
will  handle  2560  tons  trailing  load  in  good  weather.  Thus,  the 
tonnage  rating  for  bad  weather  is  only  70  per  cent  of  the  good 
weath^  rating.  This  difference  is  much  greater  than  that  in 
common  use  on  steam  railroads. 

Another  indication  that  the  total  number  of  electric  locomo- 
tives is  very  high  is  that  the  average  works  out  only  75  locomo- 
tive-miles per  day,  per  electric  engine. 

The  paper  gives  some  indications  of  the  permanent  investment 
to  which  Mr.  Armstrong  referred.  Taking  the  cost  of  overhead 
and  substations,  and  assiuning  the  substations  are  on*  a  basis 
of  200  per  cent  overload  for  short  periods,  it  works  out  to  $37.00 
per  kw.  for  substations  and  an  overhead  feeder  system  of 
2,000,000  circular  mils  of  copper  in  addition  to  the  trolley. 
These  figures  seem  high  for  permanent  investment;  for  that  rea- 
son I  do  not  think  ^00  volts  d-c.  is  most  suitable  for  heavy 
tra£Sc.  As  it  stands,  2400  volts  is  not  sufficiently  high;  it  may 
be  fit  for  certain  traffic,  but  for  heavy  traffic  it  is  certainly  too 
low. 

Referring  again  to  the  matter  of  train  resistance,  we  read  that 
in  descendmg  "  the  power  required  for  propulsion  will  be  negli- 
gible for  most  of  the  descent,  nevertheless,  steam  must  be 
maintained  in  the  boilers,  and  also,  owing  to  the  high  frictional 
resistance  of  the  MaUet  engines,  power  will  be  required  for 
all  grades  materially  lower  than  the  average  value  of  1.5  per 
cent.''  If  we  work  this  out  for  a  250-ton  Mallet  engine,  with 
trailing  load  of  600  tons  pushing  it  down  hill,  we  obtain  aresult 
which  looks  rather  high;  that  is,  80  lb.  per  ton  frictional  resis- 
tance for  the  Mallet. 

The  comparison  is  made  on  the  basis  of  different  amounts  of 
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traffic  for  steam  and  electric  operation.  I  think  it  shotdd 
have  been  worked  out  to  handle  the  same  traffic,  in  which 
case  the  electric  locomotive  would  have  made  a  better  show- 
ing. 

Referring  to  page  1187,  I  ask  if  "the  correct  basis  for  es- 
timating the  commercial  results  to  accrue  from  the  electrical 
operation  is  to  compare  all  those,  items  which  are  affected  by 
the  use  of  electricity  instead  of  steam,"  why  is  it  that  this  is  "  in- 
consistent with  the  retention  of  the  forms  which  have  be  come 
customary  in  analyzing  the  results  of  steam  operation"?  It 
seems  to  me  thai  is  reaJly  the  good  way  to  get  at  the  answer, 
rather  than  the  inconsistent  way. 

In  connection  with  Mr.  Armstrong's  remarks  as  to  increase 
in  traffic  not  materially  affecting  substation  or  feeder  cost,  I 
would  like  to  call  attention  to  some  installations  made  in  the  past, 
where  the  substation  and  feeder  costs  have  been  materially 
increased  when  the  traffic  was  increased.  The  Pittsburgh, 
Harmony,  Butler  &  New  Castle  Railway,  at  1200  volts  d-c., 
was  one  case.  Another  was  the  600-volt  d-c.  electrification  of 
the  West  Jersey  &  Seashore  Railroad. 

George  Hill:  I  have  been  impressed  while  sitting  here 
listening  to  these  two  papers  and  the  discussion  of  them,  and 
from  my  own  acquaintance  with  the  trend  of  railway  electri- 
fication, with  the  fact  that  railway  men  throughout  the  country 
are  taking  a  greater  and  greater  interest  all  the  time  in  the  elec- 
trification of  steam  roads. 

In  these  days  of  ever-increasing  effort  toward  high  efficiency, 
and  the  desire  to  get  the  best  and  most  out  of  ever3rthing  that 
is  done,  it  is  gratifying  to  the  electrical  engineer  to  see  the  steam 
railroads  turning  more  and  more  to  the  use  of  electrical  power. 
It  is  especially  gratifying  to  see  that  this  is  being  done  largely 
in  a  consistent  and  logical  manner.  That  is,  the  roads  which 
are  adopting  electrification,  especially  in  connection  with  the 
handling  of  freight,  are  doing  it  by  applying  the  electrification 
remedy  to  those  points  where  it  is  most  needed;  I  refer  partic- 
ularly to  heavy  grade  work.  I  may  mention  at  this  time  an  ex- 
ample of  this  in  the  electrification  of  the  Norfolk  &  Western 
Railway,  the  mountain  grade  division  called  the  Elk  Horn  grade» 
between  Bluefields  and  Vivian,  in  West  Virginia.  It  is  generally 
known  that  this  electrification  is  in  progress,  and  it  is  one  of 
the  cases  where  it  has  been  found  that  a  very  material  saving 
and  a  very  satisfactory  return  on  the  investment  will  be  effected 
by  electrification.  Our  firm  has  had  occasion  to  investigate 
and  report  on  a  number  of  electrification  propositions  of  this 
general  character,  and  it  is  evident  that  for  many  cases  of  this 
heavy  mountain-grade  character,  electrification  will  make  a 
very  satisfactory  showing,  not  only  in  the  savings  under  equal 
conditions,  but  also  by  greatly  increasing  the  capacity  by  in- 
creasing the  speed  and  improving  the  reliability  of  the  service, 
and  thus  the  earning  power  of  the  property. 
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W.  S.  Murray:  I  realize  that  it  is  necessary  for  me  to  cut 
my  remarks  short,  and  this  has  been  made  possible  by  most  of 
the  wind  having  been  taken  out  of  my  sails  by  the  very  excellent 
line  of  inquiries  which  have  been  asked  by  Mr.  Wynne  with 
regard  to  Mr.  Hobart's  paper. 

I  was  very  curiotis  indeed  about  some  of  the  statements 
in  that  paper,  and  doubtless  the  answers  to  Mr.  Wynne's  ques- 
tions will  bring  the  information  I  most  desire. 

There  is  one  thing  I  want  to  try  to  emphasize  that  has  struck 
me  forcibly  in  the  matter  of  electrification,  and  that  is  this: 
Electricity  is  nothing  more  than  an  agent  to  do  the  same  work 
that  steam  has  been  doing  for  about  80  years,  and  in  settling 
these  problems  of  electrification,  both  with  reference  to  level 
and  grade  conditions,  it  seems  to  me  the  first  thing  we  electrical 
engineers  owe  to  our  railroads  in  this  country  before  we  begin 
to  electrify  them  is  to  see  if  they  have  been  reduced  to  the  best 
steam  basis. 

1.  We  have  been  prone  to  base  our  opinions  and  our  conclu- 
sions on  electrical  figures  that  have  not  got  for  themselves  the 
same  basis  that  steam  has.  Therefore,  to  repeat,  we  must  get 
the  territory  to  be  considered  upon  a  proper  steam  basis  before 
we  take  up  the  matter  of  its  electrification.  Now,  as  the  rail- 
roads have  grown  in  age,  so  have  the  efficiencies  .gone  down. 
Certain  local  conditions  and  matters  that  appertained  to  the 
relation  of  traffic  and  equipment  schedule  have  not  been  caught 
up  as  they  should  have  been;  and  so  when  we  electrical  engineers 
go  into  them,  we  set  up  first  our  wonderful  schedules,  and  show 
the  electrical  economies  above  steam,  and  capitalize  the  pro- 
ject on  a  basis  that  takes  care  of  the  construction  bonds,  indi- 
cating a  magnificent  dividend  on  the  electrical  investment. 
Now,  that  has  been  the  tendency  and  I  think  that  we  should 
be  extremely  careful  to  avoid  such  practises. 

Now  I  want  to  draw  attention  to  the  fact  that  a  steam  loco- 
motive can,  if  the  fireman's  arm  holds  out,  develop  its  maxi- 
mum tractive  effort  continuously.  That  is  a  very  important 
point. 

2.  An  electrical  engine  has  no  fireman's  arm  between  it  and  its 
tractive  effort,  but  it  has  in  its  place  a  temperature  rise  which 
must  be  reckoned  with. 

3.  The  electrical  engine  has  the  advantage  of  the  steam 
ei^ne  for  sustained  horse  power;  but  the  steam  engine  has  the 
advantage  of  the  electrical  for  sustained  tractive  effort,  ex  fire- 
man's arm. 

It  is  within  the  realm  of  possibility  that  steam  locomotives 
are  to  be  of  a  different  order  in  the  future  from  what  they  have 
been  in  the  past.  Oil  burning  and  automatic  stoker  locomo- 
tives will  make  us  electrical  engineers  hustle  to  prove  our  case. 

The  electrical  engineer  who  has  a  clear-cut  understanding  of 
the  foregoing  facts,  knows  their  value,  and  so  I  can  only  draw 
your  attention  to  Mr.  Wynne's  figures.    He  shows  an  interesting 
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line  of  ratios  in  regard  to  steam  and  electrical  engines  on  different 
orders  of  grades.  The  most  important  part  of  Mr.  Wynne's 
diagram  is  not  shown,  and  that  is  the  length  of  grade  involved. 
These  papers  which  we  have  been  much  interested  in  tonight 
are  of  an  academic  order;  the  real  physical  conditions  of  the  prob- 
lem are  not  sufficiently  discussed. 

There  are  many  figures  which  Mr.  Kahler  has  brought  out 
which  are  most  interesting  and  absolutely  true;  and  yet  the  real 
question  is  their  proper  correlation  and  application  to  the 
specific  problem  in  mind. 

I  want  to  extend  a  warm  hand  of  friendship  to  my  friend,  Mr. 
Armstrong,  who  has  joined  me  on  the  single-phase  bandwagon. 

The  power  houses  of  the  single-phase  and  direct-current  sys- 
tems are  about  a  stand-off.  The  direct-current  locomotives 
cost  less  than  single-phase  locomotives,  but  the  distribution 
system  for  the  single-phase  system  is  by  far  the  more  economical 
of  the  two.  Now  you  see  this  interesting  combination  where 
we  secure  a  minimum  cost  of  power  station,  minimum  cost  of 
distribution  and  finally  the  minimum  cost  of  locomotive.  Mr. 
Armstrong  has  indeed  built  a  beautiful  bridge,  over  which  I  am 
very  glad  to  walk  and  meet  him  half-way.  As  I  have  always 
had  to  admit  that  the  cost  of  single-phase  locomotives  was 
more  than  that  of  direct-ciurent  locomotives,  since  from  the 
time  they  have  been  mantif actured  they  have  necessarily  been 
heavier,  I  have  been  as  forcefully  required  to  admit  that  the 
distribution  system  for  the  single-phase  system  possessed  such 
inherent  characteristics  of  economy  as  to  far  offset  the  greater 
cost  of  the  a-c.  locomotive,  and  if  single-phase  current  for  heavy 
trunk  line  traffic  has  now  been  accepted  as  the  economic 
form  for  electric  train  propulsion  my  position  would  be  truly 
illogical  not  to  welcome  with  Mr.  Armstrong  the  coming  of  the 
rectifier  locomotive,  which  will  bring  out  stiU  more  its  economic 
characteristics.  In  the  absence  of  the  rectifier  the  single- 
phase  motor  was  a  necessity  to  make  use  of  the  economical  single- 
phase  distribution.  In  the  last  analysis  of  the  true  economics 
of  any  heavy  trunk  line  electrification  project  it  will  be  found 
that  the  single-phase  motor  rules  out  its  direct-current  brother. 
The  direct-current  motor  has  put  up  a  good  but  a  losing  fight 
for  its  position  in  this  field,  and  through  the  mediiun  of  the  recti- 
fier let  us  hope  that  it  regains  its  former  position.  I  am  interested 
in  the  type  of  motor  only  so  far  as  the  position  it  may  take  in 
the  consideration  of  the  electrification  as  a  whole.  The  fact 
that  the  direct-ctirrent  motor  may  replace  the  single-phase 
motor  through  the  medium  of  the  rectifier,  but  stamps  the  dec- 
trification  all  the  more  as  being  single-phase,  for  the  reason 
that  the  distribution  system  has  made  that  end  possible. 

A.  H.  Babcock  (by  letter) :  The  two  papers  by  Hobart  and 
Kahler  dealing  with  trunk  line  electrification  merely  serve 
to  emphasize  a  conviction  that  has  been  growing  steadily  in  my 
mind  for  some  years,  that  generalization  with  reference  to 
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trunk  line  electrification  is  extremely  dangerous.  In  hypothet- 
ical cases,  or  even  in  cases  where  only  a  preliminary  estimate 
is  required,  often  curious  results  are  reached  by  the  use  of  im- 
proper bases  on  which  to  form  the  argtmients  leading  to  con- 
clusions. The  incorrect  premises  may  be  due  to  a  partial  study 
of  the  case  involved,  or  a  desire  to  make  a  very  favorable  showing 
in  order  that  capital  may  be  interested  to  investigate  farther, 
or  to  a  variety  of  causes,  but  the  result  is  the  same;  while  in  the 
hypothetical  case,  from  a  given  set  of  assumptions  one  may 
argue  himself  into  almost  any  desired  position,  in  practise  the 
haffd  and  unyielding  physical  facts  are  met. 

During  the  last  ten  years  my  office  has  made'  reports  on  every 
mountain  railway  exit  from  the  Central  California  valleys,  and 
on  other  mountain  districts  in  other  parts  of  the  West  Coast 
country.  Often  these  reports  have  been  the  result  of  agitation 
on  the  part  of  power  companies  with  a  surplus  of  power  for  sale. 
In  other  cases  they  have  been  the  results  of  pressure  exerted  by 
the  manufacturers  on  the  executives  of  the  railway  companies. 
In  not  a  single  one  of  the  reports  that  have  been  made  in  con- 
siderable number,  as  stated,  could  it  be  said  "  that  the  opera- 
ting economies  which  have  been  effected  by  superseding,  with 
electric  locomotives,  the  steam  locomotives  on  such  railways, 
are  enormous  and  are  indeed  of  such  amounts  as  to  defray  in  a 
very  few  years  the  initial  outlays  for  substations,  for  feeders  and 
contact-conductors,  and  for  electric  locomotives"  (Hobart). 
Quite  the  converse  is  the  fact  and  in  every  case  on  which  a  report 
has  been  made  the  conclusions  have  been  adverse  to  electrifi- 
cation on  precisely  the  reverse  of  the  facts  in  the  quotation  above 
cited. 

Whenever  the  request  for  such  reports  has  been  started  by  a 
power  company,  statements  relative  to  "  the  very  low  cost 
at  which  the  large  hydroelectric  supply  companies  in  the  West 
can  profitably  sell  electricity"  (Hobart),  have  been  made  by 
officials  of  the  power  companies;  but  it  is  a  significant  fact  that 
when  the  same  power  companies  have  been  confronted  with 
the  physical  facts  of  the  railway  company's  requirements  as 
to  quantity  of  energy,  maximum  demands  for  power,  and  load 
factor,  invariably  the  rates  quoted  have  been  quite  prohibitive, 
notwithstanding  the  fact  that  usually  they  are  lower  than  those 
assiuned  by  the  authors  of  these  papers,  (Hobart,  page  1180  and 
Kahler,  page  1222).  As  a  matter  of  fact,  with  fuel  oil  on  the 
West  Coast  at  ordinary  market  rates,  say  70  to  80  cents  a  barrel, 
an  energy  rate  greater  than  5  mills  is  utterly  prohibitive,  as  far 
as  water  power  piu*chase  is  concerned;  moreover,  the  annual 
load  factor,  although  it  **  should  not  get  lower  than  60  per  cent,'* 
(Kahler,  page  1222),  seldom  rises  above  20  per  cent  as  a  matter 
of  fact,  and  as  a  nile  the  total  energy  charge  can  be  wiped  out 
of  the  aimual  statement  without  making  a  material  difference 
in  the  conclusions,  so  small  a  part  does  it  play  in  the  annual 
operating  cost  when  the  fixed  charges  and  other  elements  of 
operating  expense  are  taken  properly  into  account. 
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Not  one  of  the  projects  that  have  come  under  my  notice  con- 
forms in  the  slightest  to  the  following — "  But  when  it  is  under- 
stood that  these  Western  hydroelectric  companies  already  have 
enormotis  loads  connected  to  their  systems,  it  will  be  seen  that 
the  fluctuations  of  a  couple  of  thousand  kilowatts,  more  or  less, 
imposed  by  the  intermittent  operation  of  a  few  freight  trains, 
is  not  a  factor  of  consequence"  (Hobart,  page  1162).  Our 
freight  trains  require  from  4000  to  4500  kilowatts  apiece  and  thus 
far  no  power  company  on  the  West  Coast,  however  large  its 
service  may  be,  has  yet  been  found  to  view  with  equanimity 
the  possibilities  of  a  number  of  such  loads  being  thrown  instantly 
on  or  off  its  systems;  furthermore,  the  above  power  demands 
are  of  such  duration  that  the  figures  given  represent  the  contin- 
uous capacity  of  locomotives  per  train. 

The  fact  that  so  many  men  engaged  in  the  study  of  these 
problems  discuss  them  from  the  standpoints  of  the  authors  of 
the  two  papers  from  which  quotations  have  been  taken,  indi- 
cates, of  course,  that  in  other  parts  of  the  country  the  extremely 
severe  conditions  of  the  West  Coast  mountain  railroading  do 
not  obtain.  It  is  obvious  also  that  were  I,  whose  experience 
in  such  estimating  has  been  confined  exclusively  to  West  Coast 
work,  to  attempt  to  generalize  from  that  experience  and  the 
information  gained  in  the  study  of  these  projects,  the  result,  if 
expressed  publicly,  might  be,  to  say  the  least,  embarrassing  to 
me  and  amusing  to  some  of  the  eminent  gentlemen  who  have 
favored  the  Institute  with  general  discussions  in  the  past.  Pre- 
cisely this  diflSculty  has  been  met  with  in  discussing  West  Coast 
problems  personally  with  Eastern  factory  engineers,  and  it 
was  not  until  these  same  engineers  came  West  and  investigated 
on  the  ground  for  themselves  that  a  mutual  understanding  of 
each  others'  words  was  reached.  With  this  thought  in  mind 
the  foregoing  remarks  are  submitted,  not  at  all  in  criticism  of 
the  papers  referred  to,  but  as  supplementary  thereto. 

H.  Y.  Hall  and  G.  W.  Welsh  (by  letter) :  Mr.  Kahler*s  paper 
states  that  only  ten  electric  locomotives  would  be  needed  for 
the  through  passenger  trains;  this  on  a  468-mile  line  with  three 
engine  districts  and  three  through  passenger  trains  each  way 
per  day.  Assuming  that  it  is  the  intention  to  operate  the 
468-mile  line  electrically  with  three  engine  districts,  as  indicated 
by  the  paper,  an  examination  of  the  train  sheet  shown  in  Fig.  2, 
for  the  through  passenger  trains,  shows  that  there  are  actually 
required  for  the  operation  of  three  through  trains  each  way 
per  day,  i hree  locomotives  on  engine  district  No.  1 ,  fovu*  on  district 
No.  2,  and  three  on  district  No.  3,  or  a  total  of  ten  locomotives 
actually  required,  assuming  all  trains  to  be  on  time  and  no  extra 
trains.  This  does  not  include  any  locomotives  *'  in  shops,  spares, 
in  engine  house,  nmning  to  and  from  trains,  and  in  helper 
service."  The  time  saved  in  taking  water  mentioned  is  small 
for  passenger  service  and  for  the  above  train  sheet  will  not  re- 
duce the  number  of  electric  locomotives  required  for  actual 
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service.  On  most  western  railroads  during  the  heavy  tourist 
season,  it  is  practically  an  every-day  occurrence  to  run  passenger 
trains  in  sections;  and  on  days  of  extremely  heavy  tourist 
travel,  the  ntimber  of  trains  is  often  increased  by  40  to  50  per 
cent.  Judging  by  the  figures  given  in  Table  VI,  it  is  evident 
that  Mr.  Kahler  does  not  consider  that  more  than  one  section 
of  any  train  will  ever  be  necessary.  In  this  respect  the  road 
considered  by  the  author  is  unique,  since  it  is  the  only  road  in 
the  western  part  of  the  United  States  which  can  nm  without 
extra  trains.  It  would  seem  that  an  allowance  of  twenty 
passenger  locomotives,  instead  of  ten,  would  not  be  excessive 
on  both  the  grounds  of  reliability  and  actual  traffic. 

Referring  again  to  Table  VI,  under  "  Freight  Trains,"  the 
ratio  of  maximimi  day  to  average  day  appears  to  be  exceedingly 
low.  On  some  of  the  through  lines  in  California,  it  is  not  un- 
usual during  the  heavy  fruit  shipping  season  to  have  a  maximum 
day  of  2  to  2^  times  the  average  day  throughout  the  year. 
Evidently,  the  number  of  locomotives  must  be  suffident  to  take 
care  of  the  maximimi  day.  In  steam  operation,  on  a  large  s)rs- 
tem,  the  usual  way  of  taking  care  of  this  excess  traffic  is  to  rush 
all  available  locomotives  from  other  parts  of  the  system  to  help 
out  the  congested  district.  This  is  not  possible  with  electric  oper- 
ation unless  the  entire  system  is  operated  electrically.  Another 
point  is  that  freight  trains  very  seldom  run  on  time  and  although 
they  may  be  dispatched  at  stated  intervals  from  one  terminal,  they 
rarely  reach  the  other  terminal  with  the  same  time  interval  be- 
tween them.  Therefore  with  the  forty-three  freight  locomotives 
(that  is,  electric  freight  locomotives,)  shown  in  Table  X,  we  think 
the  road  under  consideration  by  Mr.  Kahler  would  find  itself 
frequently  with  its  cars  at  one  end  of  the  line  and  its  locomotives 
at  the  other.  Of  course,  in  times  of  emergency,  electric  loco- 
motives can  be  nm  over  more  than  one  engine  district  without 
injury,  but  in  our  opinion  the  actual  requirements  of  the  road 
under  consideration  would  be  more  nearly  realized  if  the  number 
of  freight  locomotives  given  in  the  paper  were  increased  by 
50  per  cent,  or  say  to  60  locomotives. 

It  should  be  noted  that  under  "  Locomotive  Repairs,"  the 
cost  per  locomotive  mile  given  for  single-phase  locomotives 
is  based  on  the  published  reports  of  two  roads  operating 
direct-current  apparatus.  It  would  be  interesting  to  know 
what  is  the  repair  cost  per  mile  on  single-phase  locomotives, 
but  only  one  road  in  the  United  States  operates  a  sufficient 
ntmiber  of  these  equipments  to  give  reliable  information,  and 
to  the  best  of  our  knowledge  this  has  never  been  published. 

The  "  Estimated  Cost  of  Electrification  "  given  is  altogether 
too  low  to  be  conservative. 

It  is  not  possible,  for  S5000  per  mile,  to  build  a  double-circuit 
steel  tower  transmission  line  of  sufficient  factor  of  safety  and  with 
sufficient  copper  to  hold  the  losses  and  regulation  within  the 
proper  limits,  especially  with  low  power  factor  lagging  current     , 


1240  RAIL  WA  Y  ELBCTRIFICA  TION  [May  20 

as  would  obtain  with  a  single-phase  electrification.     This  cost 
should  be  increased  to  S6000  per  mile. 

Judging  from  the  extremely  low  cost  given,  the  author  is  not 
considering  the  use  of  catenary  construction.  For  the  class 
of  service  required,  the  catenary  construction  would  be  none  too 
good.  At  a  Pacific  Coast  point,  located  close  to  the  source  of 
supply  of  good  and  cheap  cedar  poles,  it  costs  $2175  per  mile 
(not  including  engineering  and  contingency)  for  single-track 
bracket,  1600-volt,  d-c.  catenary  construction.  In  this  case 
$2500  per  mile  should  be  used,  on  account  of  higher  voltage, 
generally  stronger  type  of  construction  for  main  line  operation 
and  to  cover  installation  of  feeder. 

The  double-track  span  construction  would  cost  $4000  instead 
of  $2600  per  mile. 

The  four-  or  more  track  bridge  construction  would  cost  nearer 
$15,000  than  $9000  per  mile. 

With  the  increase  in  first  costs  and  increase  in  number  of 
locomotives  as  given  above,  the  total  first  costs  would  be 
$12,698,209  instead  of  $9,972,000,  while  the  net  estimate  would 
be  $10,686,209,  instead  of  $7,960,000. 

The  total  of  maintenance  of  overhead  structiu^es  and  sub- 
stations, Table  XV,  is  too  low  to  cover  necessary  emergency 
gangs,  repair  gangs,  patrolmen,  material,  etc.,  for  the  proper 
maintenance  of  a  468-mile  section  of  a  single-track  main  line  with 
so  dense  a  traffic.  This  item  should  be  increased  at  least  60 
per  cent. 

Referring  to  Table  XVI,  Mr.  Kahler  has  based  his  depre- 
ciations upon  estimated  first  costs,  excluding  engineering  and 
contingency.  If  in  making  estimates  for  immediate  work  it 
is  necessary  or  desirable  to  add  a  contingency  to  cover  fluctuations 
of  material  costs  and  unforseen  items  or  difficulties,  it  is  certainly 
necessary  to  add  a  contingency  for  work  to  be  done  20  or  30 
years  after  the  making  of  an  estimate.  It  is  common  knowledge 
that  to  do  certain  classes  of  work,  it  now  costs  three  times  as 
much  as  it  did  20  years  ago.  Then  again,  it  would  not  be 
desirable  to  do  the  work  in  the  same  manner  twenty  years  hence, 
so  it  will  be  necessary  again  to  pay  for  engineering.  Including 
the  engineering  and  contingency  would  increase  the  deprecia- 
tion 15.5  per  cent.  A  life  of  15  years  on  poles  and  fixtures 
(item  18),  would  be  nearer  the  accepted  value  than  20  years,  as 
given,  so  the  depreciation  should  be  Of  per  cent  instead  of  5 
per  cent.  With  the  increased  first  costs,  the  incltision  of  en- 
gineering and  contingency  and  increase  in  depreciation  rate,  on 
"  poles  and  fixtures,"  the  total  depreciation  of  overhead  struct- 
ures and  substations  would  be  $226,046  instead  of  $144,084. 

The  total  of  depreciation  of  electric  equipment,  Table  XVIII, 
with  increased  number  of  locomotives,  as  noted  above,  and  with 
engineering  and  contingency  included  in  the  cost  upon  depre- 
ciation, would  be  $107,115,  instead  of  $64,740. 

'th  the  increases  given  above,  the  total  cost  of  electric 
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operation  (Table  XX)  would  be  $3,090,178  instead  of  $2,908,409 
and  the  annual  saving  would  become  $758,231  instead  of 
SMOyOOO.  This  would  give  a  net  rettun  of  6.8  per  cent,  which 
with  interest  of  5  per  cent,  would  give  a  net  profit  of  1.8  per  cent 
on  the  investment,  which  is  too  small  a  profit  upon  which  to 
base  a  recommendation  for  electrification,  as  this  estimated  prof- 
it would  be  entirely  wiped  out  if  the  "  actual  "  expenses  of  elec- 
tric operation  were  7  per  cent  higher  than  the  estimated  op- 
erating expenses. 

Mr.  Hobart  gives  a  first  cost  of  $8,500  per  mile  for  overhead 
contact  Une,  rail  bonding  and  feeder  copper.  Several  paragraphs 
above  he  gives  the  annual  efficiency,  locomotives  to  substation, 
as  93  per  cent.  This  would  give  an  efficiency  of  91.1  per  cent 
during  the  heavy  traffic  period.  With  a  substation  spacing  of 
26  miles  and  90-lb.  rail,  single  track,  the  cost  of  the  positive 
feeder  alone  (excluding  trolley),  to  give  efficiency  of  90  per  cent 
on  maximum  day,  would  be  $6600.  This  is  based  on  the  use 
of  alumintmi  at  33  cents  per  lb.  erected,  which  is  equivalent  to 
copper  at  15^  cents  per  lb.  erected.  This  calculation  is  based 
upon  a  minimum  condition  of  only  one  train  at  a  time  between 
substations,  whereas  with  the  speed  of  trains  and  interval  of 
starting  given,  it  is  possible  to  have  two  trains  at  a  time  on  the 
up-grade  between  substations.  In  our  opinion,  to  obtain  an 
annual  efficiency  of  93  per  cent,  it  would  be  necessary  to  spend  at 
least  $12,000  per  mile  for  overhead  contact  line  (catenary  con- 
struction), rail  bonding  and  alumintmi  feeder.  It  should  be 
borne  in  mind  that  on  mountain  divisions,  it  is  necessary  to 
blast  at  least  60  per  cent  of  the  holes  for  setting  trolley  poles. 

During  the  maximtun  traffic  period  of  18  1800-ton  trains 
each  way  per  day  as  given,  with  12,200  kw-hr.  per  locomotive 
journey  and  the  same  percentages  added  as  shown  on  page  1180, 
the  average  load  per  substation  will  be  6150  kw.  instead  of  3200 
kw.  as  given.  With  a  load  factor  of  25  per  cent,  the  maximtun 
load  would  be  24,600  kw.,  but  with  an  average  of  6150  kw.  the 
load  factor  wotUd  probably  be  as  good  as  35  per  cent,  which 
gives  a  maximum  of  17,600  kw.  per  substation. 

With  an  average  load  of  6150  kw.  the  heating  load  per  sub- 
station wotild  be  not  less  than  8200  kw.,  which  wotdd  reqtiire 
8000  kw.  for  regular  service  and  2000  kw.  for  spare,  making  a 
total  installed  capacity  of  10,000  kw.  per  substation,  which 
at  $30  per  kw.  wotdd  amotmt  to  $300,000  per  substation  in- 
stead of  $160,000,  as  given,  or  as  a  total  for  the  four  substations, 
$1^,000  instead  of  $640,000  as  given. 

With  the  above  changes,  the  cost  of  overhead  construction, 
bonding   and   substations   wotild   be: 

96  miles  overhead  and  bonds  at  $12,000 .  .  $1,152,000. 

Sidings,  same  as  given  by  Mr.  Hobart 84,000. 

Substations 1,200,000. 

Total $2,436,000.^ 
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On  the  basis  of  16  per  cent  of  first  cost  as  given  by  Mr.  Hobart, 
the  fixed  charges,  maintenance  and  operation  of  substation  (not 
including  electric  energy),  would  amount  to  $389,760  instead 
of  $246,000  as  given. 

Note  17  states  that,  *'  It  is  desired  to  err  on  the  side  of  favoring 
the  steam  locomotive  whenever  there  is  room  for  divergence  of 
opinion.'*  In  view  of  this  statement,  it  is  not  quite  dear  why 
he  has  used  the  250-ton  Mallet  locomotive  in  handling  the 
600-ton  train,  or  three  of  these  locomotives  for  an  1800-ton  train, 
when  there  is  in  actual  service  today  a  300-ton  Mallet  locomo- 
tive which  will  haul  a  900-ton  trailing  train  on  an  average 
grade  of  1^  per  cent  at  average  speeds  in  excess  of  the  12  miles 
per  hour  assumed  in  this  paper.  Naturally,  if  fewer  locomotives 
of  a  larger  rating  are  used,  the  operating  costs,  such  as  fuel  con- 
simiption,  locomotive  repairs,  enginemen*s  wages,  etc.,  will 
be  materially  reduced. 

Also,  the  cost  of  250-ton  Mallets  is  given  as  $45,000.  The 
300-ton  Mallet  mentioned  above  costs  new  approximately  $33,500, 
and  the  heaviest  Mallet  locomotives  ever  built  (weighing  425 
tons)  cost  slightly  less  than  $44,000.  It  is  evident  that  the  figure 
of  $45,000  is  much  too  high. 

The  foregoing  analysis  of  Mr.  Hobart's  paper,  (also  of  Mr. 
Kahler's  paper),  is  based  on  West  Coast  operating  conditions, 
as  developed  in  the  study  of  some  of  the  most  important  heavy 
trunk  lines  operating  over  the  Sierras.  It  shows  that  while  he 
has  made  a  favorable  showing  for  the  very  general  case  he 
has  assumed,  his  results,  if  applied  to  any  of  the  concrete  cases 
known  to  the  office  with  which  we  are  connected,  would  be  dis- 
appointing to  those  who  might  be  induced  thereby  to  invest 
money,  and  who  expect  profit.  Based  on  our  experience,  his  esti- 
mated costs  for  overhead  construction  and  substation  equipment 
are  very  much  too  low;  hence  his  electric  operating  costs  are  cor- 
respondingly low;  he  has  considered  steam  locomotives  only 
two-thirds  as  powerful  as  those  now  in  service  on  our  lines,  and 
in  his  estimate  of  first  cost,  he  has  taken  these  comparatively 
small  steam  locomotives  at  a  unit  cost  essentially  the  same  as 
was  paid  for  the  largest  steam  locomotive  ever  built  for  West 
Coast  work.  His  estimated  first  costs  for  steam  locomotives 
are  at  least  30  per  cent  higher  than  West  Coast  practise  shows 
to  be  reasonable,  and  his  estimated  steam  operating  costs  are 
correspondingly  high.  In  general,  then,  according  to  our  ex- 
perience, the  costs  of  steam  operation  have  been  magnified  and 
the  costs  of  electric  operation  minimized,  in  this,  as  in  many 
other  such  very  general  solutions  of  a  very  complex  problem. 

F.  W.  Carter  (by  letter) :  The  subject  matter  of  the  present 
papers  is  of  great  importance  and  discussion  cannot  fail  to  furnish 
valuable  information.  I  think  such  papers  as  these  are  best 
written  with  a  view  of  instructing  or  convincing  the  railway 
engineer  rather  than  the  electrical  engineer,  and  the  greatest 
care  should  accordingly  be  taken  to  avoid  an  undue  bias  in  favor 
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of  electrical  working.  But  from  the  nature  of  the  case,  in  which 
comparison  is  made  between  an  established  system  and  a  newer 
rival,  the  figures  for  the  established  system  are  likely  to  be  based 
on  actual  operation,  and  to  cover  a  number  of  more  or  less  triv- 
ial or  accidental  circumstances  which  are  apt  to  be  overlooked 
in  making  the  comparison;  I  think  there  are  signs  of  this  ten- 
dency in  both  the  present  papers.  For  instance,  in  Mr.  Hobart's 
express  passenger  proposition  he  adopts  the  figure  of  nine  lb. 
per  ton  average  train  resistance;  this  is  a  reasonable  figure, 
considering  that  the  mean  train  resistance  is  necessarily  greater 
than  the  train  resistance  at  the  mean  speed,  and  moreover  that 
the  figure  includes  the  effects  of  curves,  adverse  weather,  and 
other  difficulties  of  the  route.  He,  however,  deduces  his  coal 
consumption  directly  from  the  work  done  against  train  resis- 
tance, suggesting  an  equipment  efficiency  of  the  order  of  87  per 
cent.  But  the  energy  dissipated  in  final  braking  is  of  the  order 
of  75  h.p-hr.,  and  sdthough  townships  are  more  sparsely  scattered 
in  the  United  States  than  in  England,  it  is  doubtful  whether  a 
typical  100-mile  run  shotdd  have  been  assumed  without  some 
speed  restrictions,  each  consuming,  say,  60  or  70  h.p-hr.,  while 
a  signal  stop  is  not  likely  to  be  an  infrequent  occurrence.  Al- 
together, I  think  that  to  accord  with  actual  operation,  the  coal 
consumption  in  the  electrical  case  would  have  been  better  as- 
sumed 15  or  20  per  cent  greater  than  Mr.  Hobart  finds  it  to  be. 
In  the  steam  case  I  surmise  that  the  corresponding  figure  is 
derived  ultimately  from  the  integral  consumption  in  actual 
service,  and  therefore  includes  the  effects  of  all  the  normal  cir- 
cumstances of  such  runs. 

Mr.  Kahler,  again,  seems  to  me,  however,  to  have  made 
his  calculations  without  due  regard  to  limitations  that  the 
traffic  department  may  impose.  He  shows  that  it  is  possible 
to  handle  a  certain  tonnage  of  freight  with  but  few  more  than 
half  the  number  of  locomotives  in  service  than  would  be  re- 
quired under  steam  operation.  This  is  certainly  an  engineering 
possibility,  but  if  it  is  a  commercial  possibility,  it  is  a,  pretty 
sure  sign  that  the  line  is  congested,  and  the  proposition  takes 
on  an  entirely  new  aspect  on  this  accoimt.  Mr.  Kahler  assumes 
the  average  weight  of  train  as  80  per  cent  of  the  maximum. 
Under  English  conditions,  I  believe  this  figure  is  nearer  60  per 
cent,  but  however  this  may  be,  the  effect  of  increasing  the 
capacity  of  the  locomotive  would  in  general  be  to  reduce  the 
figure  by,  say,  10  or  15  per  cent.  Many  light  trains  wotdd  go 
forward  at  the  instance  of  the  traffic  department  without  ref- 
erence to  the  tdtimate  capacity  of  the  locomotive.  The  number 
of  freight  locomotives  required  in  actual  service  at  any  time 
would,  I  think,  be  nearly  as  great  with  electric  operation  as  with 
steam. 

Comparing  Tables  IX  and  XIII,  I  am  inclined  to  think  also 
that  the  number  of  electric  passenger  locomotives  required  is 
somewhat  underestimated,  for  the  exigencies  of  traffic  would 
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keep  locomotives  waiting  in  service,  much  as  it  does  under  steam 
operation.  It  would  seem  that  in  the  case  of  the  Butte,  Ana- 
conda and  Pacific  electrification,  23  steam  locomotives  are 
replaced  by  17  electric,  no  such  reduction  as  Mr.  Kahler  finds 
possible. 

I  note  that  Mr.  Kahler  has  assumed  the  single-phase  system 
of  operation,  but  he  seems  to  have  based  his  estimate  of  loco- 
motive repair  cost  on  results  obtained  with  continuous-current 
locomotives.  Since  the  repair  of  the  single-phase  electrical 
equipment  has  been  found  to  cost  something  like  three  times  as 
much  as  for  the  corresponding  continuous-current  equipment, 
I  am  disposed  to  think  his  figures  here  a  Uttle  too  low,  and  I 
also  think  the  number  of  his  laid-up  locomotives  is  on  the  low 
side  for  the  same  reason.  His  energy  consumptions,  too,  appear 
to  me  somewhat  low  for  normal  operation,  which  Fig.  3  shows  to 
have  been  contemplated,  the  frequent  stops  and  intervals  of 
running  with  brakes  applied  resulting  in  the  dissipation  of  much 
energy.  Although  my  contribution  to  the  discussion  is  generally 
of  the  nature  of  criticism,  I  should  like  to  express  my  appre- 
ciation of  these  very    able   and  suggestive  papers. 

F.  C.  Merriell  (by  letter):  The  financial  showing  which 
has  been  so  conservatively  developed  in  these  discussions  finds 
very  little  consideration  from  railway  operating  officials,  be- 
cat^  of  two  fancied  weaknesses  which  are  believed  to  attend 
electric  traction. 

Frequent  failure  of  electric  locomotives  in  heavy  traction  ser- 
vice is  believed  by  steam  railway  men  to  be  inherent  in  a  devicCt 
which  to  them,  appears  to  be  more  complicated  and  less  substan- 
tial than  the  steam  locomotive,  and  even  the  most  elaborate 
and  painstaking  analysis  of  the  economies  of  electrification 
will  not  avail  against  this  belief,  unless  the  operating  experience 
of  present  electrifications  shall  prove  that  analysis  to  have 
been  very  conservative.  The  fact  that  partial  failure,  of  a  steam 
locomotive  is  but  little  better  than  total  failure  while  partial 
failure  in  an  electric  locomotive  will  usually  not  prevent  it  from 
getting  in  the  clear,  and  perhaps  making  some  progress  until 
help  can  reach  it,  will  have  to  be  strongly  urged  even  after  the 
railway  man  has  been  convinced  that  of  the  two  devices  the  elec- 
tric is  the  simpler  and  the  more  substantial. 

As  appears  in  these  discussions,  the  first  divisions  to  be  elec- 
trified will  be  those  where  heavy  mountain  work  occurs  and 
pusher  service  is  required,  and  as  these  places  are  nearly  always 
at  high  altitudes  and  subject  to  severe  weather,  steam  railway 
men  now  believe  that  electric  traction  will,  in  such  locations, 
meet  obstacles  which  it  cannot  withstand.  They  admit  the 
inefficiency  of  the  steam  locomotive  to  cope  with  extreme  cold 
weather  by  their  customary  reductions  in  train  tonnage  as  tem- 
peratures fall,  which  follows  quite  as  much  from  the  fact  that  the 
engines  cannot  make  steam  as  from  the  poor  conditions  for  trac- 
tion.    The  electric  traction  man,  on  the  other  hand,  expects  his 
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motors  to  operate  at  greater  loads  during  cold  weather  and  is 
thus  enabled  to  push  tus  train  tonnage  up  to  the  limit  imposed 
by  the  condition  of  the  track.  Experience  of  heavy  traction 
lines  and  such  electrifications  as  are  now  in  operation  shows 
that  distribution  systems  can  be  maintained  without  undue 
expense  against  the  coldest  and  worst  weather  and  will  thus, 
contrary  to  the  prevailing  notion,  cause  less  interference  with 
traffic  than  engines  which  will  not  steam.  The  analysis  of 
traffic  movement  on  western  roads  will  usually  show  that  a  part  at 
least  of  the  greatest  congestions  tends  to  lap  over  into  extreme 
cold  weather,  as  for  instance  the  business  of  roads  handling 
both  deciduous  and  citrus  fruits,  which  business  will  require 
much  tonnage  in  deciduous  fruit  to  be  moved  at  the  beginning 
of  winter,  while  tonnage  in  citrus  fruits  will  become  quite  large 
before  it  ends,  all  of  which  should  tend  to  make  the  advantage  of 
electric  traction  appeal  more  strongly,  as  soon  as  the  electrical 
fraternity  is  able  to  asstire  the  railway  operator  that  he  can  rely 
upon  electrical  machines  for  continuous  service  and  few  failures. 

The  stimulation  to  local  main  line  traffic  which  is  mentioned 
as  possible  with  electrification  can  also  profitably  be  extended 
to  feeder  lines,  and  many  of  these  which  now  operate  at  a  loss 
might  be  brought  nearer  to  a  paying  basis  than  they  now  are. 
It  is  the  contention  of  railway  officiaJs  that  feeders  as  separate 
entities  rarely  make  a  profit  (being  principally  valuable  for  the 
traffic  they  bring  to  the  parent  system),  but  the  same  standards 
of  service,  convenience,  and  efficiency,  which  the  flexibility 
and  economy  of  electric  traction  effect  upon  main  line  traffic, 
will  without  doubt  render  feeder  lines  more  justifiable  than  they 
are  considered  at  present. 

H.  F.  Parshall  (by  letter):  With  reference  to  the  two 
papers  by  Mr.  Hobart  and  Mr.  Kahler,  I  may  say,  speaking  gen- 
erally, that  both  papers  would  have  been  more  convincing 
to  railway  engineers  if  accompanied  by  figures  showing  represen- 
tative r^ults  obtained  in  good  steam  practise.  According  to 
my  own  experience  and  observations,  both  have  asstmied  better 
results  than  are  being  obtained  or  are  likely  to  be  obtained  in 
steam  locomotive  practise.  The  paper  by  Mr.  Insull  gave  results 
obtained  on  several  roads  which  led  to  the  conclusion  that  the 
cost  by  steam  locomotion  is  much  higher  than  is  commonly 
assumed.  Personally,  I  think  the  time  has  passed  when  the 
electrical  engineer  need  adopt  the  position  of  apologist  to  the 
steam  engineer. 

The  electric  locomotive  is  ab  initio  the  cheaper  machine  to 
operate.  The  real  problem  is  to  determine  at  what  point  the 
density  of  traffic  is  sufficient  to  justify  the  electrical  installation. 
The  fixed  element  is  the  conducting  system  between  the  loco- 
motive and  the  power  sjrstem.  The  cost  of  fuel  of  the  electrical 
system  under  ordinary  conditions  is  not  more  than  half  that  with 
the  steam  system,  but,  on  the  other  hand,  the  cost  of  the  steam 
locomotive  installation  is  not  often  more  than  20  to  25  per  cent 


Digitized  by 


Google 


1246  RAIL  WA  Y  ELECTRIFICA  TION  [May  20 

of  the  cost  of  the  electric  locomotive  installation  including  the 
conducting  system. 

Under  favorable  conditions  the  cost  of  maintenance  of  the 
two  systems  is  not  very  different.  Under  some  conditions,  how- 
ever, the  cost  of  maintaining  the  steam  locomotive  system  must 
be  materially  greater.  With  cheap  hydroelectric  power  and 
expensive  coal,  the  electric  system  pays  for  itself  with  moderate 
traffic  density.  With  increasing  labor  difficulties  and  increasing 
cost  of  fuel,  the  case  of  the  electrical  system  becomes  every  day 
stronger,  as  less  men,  less  skilled  mechanics  and  less  fuel  are 
required  with  the  electrical  system. 

From  a  strictly  operative  point  of  view,  my  own  experience 
is  limited  to  my  activities  as  Chairman  of  the  Central  London 
Railway.  I  had  designed  the  system,  including  the  power 
station,  and  had  advised  in  its  operation  for  some  years,  but 
after  becoming  Chairman,  I  had  to  see  through  two  strikes, 
one  a  general  railway  strike  and  the  other  a  general  colliery  strike. 
During  the  general  railway  strike,  the  power  station,  as  the  heart 
of  the  railway,  was  a  special  cause  of  anxiety.  In  the  coal 
strike,  every  department  of  the  railway  was  crippled.  To 
keep  the  power  station  supply  assured,  special  efforts,  in 
addition  to  the  usual  ones,  had  to  be  made.  While  I  have  been 
largely  associated  with  electric  power  installations,  I  came  to 
the  conclusion  that  railway  managers  had  enough  to  do  without 
embarking  on  that  class  of  business.  Fiuther,  that  the  central 
power  undertaking  is  in  a  better  position  to  guarantee  a  supply 
under  all  conditions  than  any  railway  company  can  hope  to  be, 
and  also,  owing  to  the  diversity  conditions,  can  supply  cheaper. 
With  the  question  of  supply  settled,  the  electrical  system  of 
traction  is  in  a  stronger  operative  position  than  the  steam  system. 

As  to  the  type  of  locomotive  for  heavy  freight  work,  with 
moderate  facilities  for  repair,  I  should  prefer  the  side-bar  type 
with  motors  individually  replaceable.  The  maintenance  of 
such  a  locomotive  is  small  and  the  time  to  carry  out  repairs  a 
minimum.  Axle-driven  types  of  either  locomotives  or  motor 
cars  require  a  higher  degree  of  skill  in  maintenance  and  operation. 

With  reference  to  the  voltage  of  the  overhead  conductor  sys- 
tem, owing  to  the  small  cost  of  the  conductors  as  compared 
with  the  supporting  structure  there  appears  small  advantage 
in  exceeding  2500  volts.  The  size  of  overhead  conductor  is 
largely  determined  by  the  maximum  current  required  by  the 
incBvidual  trains,  so  that  with  increasing  traffic  density  the 
growth  is  met  by  increasing  the  number  of  substations  without 
reducing  the  efficiency.  In  the  case  of  a  line  400  miles  in  length 
I  made  a  careful  study  as  between  5000  and  2500  volts  d-c. 
overhead  conductor  presstire,  and  came  to  the  conclusion  that 
the  saving  by  the  higher  voltage  was  too  small  to  affect  the  general 
result.  In  the  case  of  the  2500-volt  installation,  the  motors 
could  be  safely  worked  at  full  line  voltage,  which  in  my  judgment 
is  a  material  advantage  in  heavy  railway  working. 
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I  am  glad  to  see  evidence  in  these  two  papers  that  a  truly  com- 
mercial spirit  is  coming  into  effect  in  considering  railway  prob- 
lems. 

Charles  P.  Eahler:  The  foregoing  discussion  was  very 
interesting  to  me,  in  that,  although  some  speakers  confined  their 
remarks  to  the  narrow  limits  of  systems  of  electrification,  types  of 
locomotives,  and  other  details,  the  comparative  economics 
of  steam  and  electric  railroad  operation,  which  is  really  the  most 
important  part  of  the  problem,  received  considerable  attention. 
The  data  and  other  information  given  in  my  paper.  Trunk  Line 
Electrification  furnished  a  comparison  between  steam  and  electric 
railroad  operation,  and  the  paper  coxild  hardly  be  classed  as 
advocating  any  one  system  of  electrification,  although  Mr.  Arm- 
strong seems  to  think  it  does. 

Mr.  Armstrong  states  that  the  electrification  costs  depend 
principally  upon  the  locomotives,  substations,  and  trolley  and 
feeder  copper,  and  that  the  locomotive  costs  are  high  in  the  case 
of  the  single-phase  system,  while  the  substation  and  trolley  and 
feeder  wire  costs  are  high  in  the  case  of  the  direct-current  system. 
This  is  approximately  true,  considering  the  single-phase  commu- 
tator motor  locomotive  alone,  but  the  locomotive  cost  would  not 
necessarily  be  so  materially  different  from  the  direct-current 
system  if  the  split-phase  locomotive,  or  the  mercury  vapor 
rectifier  locomotive  to  which  he  refers,  were  used. 

Mr.  Armstrong  asstmies  that  the  substation  and  trolley  and 
feeder  copper  costs  remain  constant  as  the  traffic  increases,  while 
the  locomotive  costs  increase  as  the  traffic  increases,  and  draws 
the  conclusion  that,  even  though  the  single-phase  system  proves 
most  economical  with  moderate  traffic,  as  far  as  first  cost  is 
concerned,  the  direct-current  system  will,  when  considered 
with  a  50  per  cent  or  100  per  cent  traffic  increase,  be  most 
economical.  Mr.  Wynne  mentioned  two  electrically  operated 
railroads  where  the  substation  and  copper  line  costs  have  been 
materially  increased  by  an  increase  in  traffic,  which  shows  the 
incorrectness  of  Mr.  Armstrong's  premises,  and  as  a  consequence, 
makes  his  conclusions  wrong. 

Very  few  railroad  improvements  involving  any  large  sums  are 
made  without  a  thorough  investigation  by  the  railroad  officials 
of  the  effect  of  increasing  the  traffic.  Practically  none  of  the 
important  line  or  grade  changes  with  which  I  have  been  con- 
nected were  made  without  considering  the  effect  of  at  least  doub- 
ling the  traffic.  In  our  investigations  of  steam  railroad  electri- 
fication, we  have  gone  still  further,  and  besides  considering  the 
effect  of  a  change  in  the  volume  of  traffic  have  also  considered 
the  effect  of  electrification  upon  the  whole  railroad,  rather  than 
confining  oiu"  studies  to  isolated  sections.  As  a  result  of  nu- 
merous studies  of  this  character,  I  am  inclined  to  believe  that 
electrical  engineers,  who  are  usually  unacquainted  with  actual 
steam  railroad  operating  conditions,  would  be  very  much  slower 
in  advocating  thier  own  particular  fancies  if  their  effect  on  the 
whole  system  was  first  considered. 
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The  substation  and  feeder  copper  cost  for  a  direct-current 
system  which  would  be  of  sufficient  capacity  to  permit  the 
operating  of  trains  tmder  such  close  headway  as  would  be 
possible,  on  a  steam-operated  railroad  during  a  congestion  or 
other  emergency,  would  usually  be  so  great  as  to  make  electri- 
fication unwarranted  for  many  years.  As  is  generally  known, 
the  electric  distribution  system  of  a  direct-current  line  is  not 
generally  designed  for  any  possible  emergency,  but  an  allowance 
is  only  made  for  a  reasonable  contingency,  which  often  is 
determined  by  electrical  men  not  familiar  with  steam  railroad 
operation.  On  the  other  hand,  it  would  be  commercially  pos- 
sible with  a  high-voltage  trolley,  such  as  is  used  on  single-phase 
systems,  to  provide  a  distribution  system  which  could  expedi- 
tiously handle  almost  any  congestion  or  emergency  which  a  steam- 
operated  railroad  could. 

The  development  of  the  mercury  arc  rectifier  locomotive,  of 
which  Mr.  Armstrong  speaks,  will  no  doubt  be  welcomed  by  all 
interested  in  heavy  electric  traction  work,  since  direct-current 
locomotives — ^which  are  preferred  by  Mr.  Armstrong  and  other 
advocates — can,  through  the  mercury  arc  rectifier,  be  made  to 
operate  by  current  from  a  single-phase  trolley.  If  this  new 
locomotive  serves  no  other  purpose  than  the  settlement  of  the 
system  question,  it  will  have  done  good  service. 

The  introduction  of  the  mercury  vapor  rectifier  locomotive, 
together  with  the  split-phase  locomotive,  which  can  also  be  oper- 
ated from  a  single-phase  trolley,  would  indicate  that  the  single- 
phase  system,  besides  providing  low  cost  substations  and  low  cost 
distribution  system,  has  a  further  advantage  in  being  adaptable 
to  four  or  five  different  types  of  locomotives. 

Mr.  Babcock's  remarks  about  inaccurate  conclusions  being 
liable  to  result  from  generalizing  are  hardly  in  accord  with  his 
criticism  of  load  factor.  He  compares  his  estimated  load  factor 
for  the  proposed  electrification  of  the  Southern  Pacific  lines  over 
the  mountain  ranges  siurounding  the  Central  California  valley — 
which  are  short  in  length  and  where  the  average  grades  are  heavy — 
with  a  long  line  of  railroad  with  light  average  grades.  It  would 
require  about  a  day  and  a  half  for  freight  trains  to  cover 
the  468  miles  of  line  and  the  stopping  or  starting  of  a  train  at 
either  end  of  the  line  would  not  make  a  large  increase  or  decrease 
in  the  total  load,  as  there  would  be  so  many  more  trains  in 
simultaneous  operation  on  the  line,  which  would  not  be  the 
case  with  the  shorter  line  where  only  a  few  hours  were  required  to 
make  the  run.  In  fact,  the  daily  load  factor  would  be  very  high 
for  the  longer  line. 

The  California  lines  have  to  contend  with  the  heavy  freight 
traffic  during  the  fruit  season,  whereas  on  the  468-mile  line  dis- 
cussed in  my  paper  the  peak  of  the  west-bound  business,  of  which 
coal  forms  a  considerable  portion,  does  not  happen  at  the  same 
season  as  the  peak  of  the  east-bound  traffic,  of  which  lumber 
forms  a  large  proportion.     Also,  the  maximum  passenger  traffic 
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does  not  occur  at  the  same  time  as  either  the  peak  of  the  east- 
ward or  westward  freight  traffic.  The  above,  I  believe,  shows 
why  it  is  possible  to  get  an  annual  load  factor  of  60  per  cent 
for  the  468-mile  line  and  only  20  per  cent  for  the  short  motmtain 
lines  to  which  Mr.  Babcock  refers. 

I  cannot  check  Mr.  Babcock's  statement  that  the  purchase  of 
electric  power  at  a  greater  rate  than  5  mills  per  kw-hr.  would  be 
utterly  prohibited  where  oil  is  selling  at  from  70  cents  to  80  cents 
per  barrel.  Three  barrels  of  oil  are  equivalent  to  one  ton  of  coal, 
allowing  for  the  higher  efficiency  of  the  oil-btiming  power  plant, 
which  would  be  equivalent  to  coal  at  from  $2.10  to  $2.40  per 
ton.  With  a  load  factor  of  20  per  cent,  the  fuel  cost  alone  would 
not  be  far  below  5  mills  per  kw-hr.,  and  when  the  fixed  charges 
and  the  other  operating  expenses  were  added  a  rate  of  5  nulls 
would  appear  to  me  low,  especially  as  nothing  was  allowed  for 
freight  on  oil  or  additional  charges  for  transmission  lines  in  case 
the  power  plant  is  built  near  the  oil  fields. 

Hydroelectric  power  is  at  present  being  sold  at  as  low  a  rate 
as  the  above  in  many  sections  of  the  West.  I  quoted  in  my 
paper  the  rate  of  5.36  mills  per  kw-hr.  which  the  Great  Falls 
Power  Company  has  given  the  Chicago,  Milwaukee  &  St.  Paul 
R.R.  Also  in  some  sections  of  southern  Idaho  power  for  heating 
and  irrigation  pumping  is  obtained  at  even  lower  cost. 

Mr.  Carter  doubts  the  practicability  of  making  a  reduction 
in  the  number  of  freight  trains,  for  traffic  reasons,  even  though 
the  electric  locomotives  can  haul  heavier  freight  trains.  Without 
going  into  any  technical  discussion,  I  would  advise  that  a  num- 
ber of  Mikado  locomotives,  whose  tractive  power  is  about  15 
per  cent  greater  than  the  consolidated  locomotives,  has  lately 
been  put  in  operation  on  one  of  the  engine  districts  of  the  468- 
mile  line,  and  an  actual  reduction  in  the  number  of  freight  trains 
has  resulted.  Ftuther,  on  another  division,  where  conditions 
were  somewhat  similar,  the  train  weights  were  increased  by 
reducing  the  grades,  resulting  in  a  material  reduction  in  the 
number  of  freight  trains. 

For  English  conditions,  Mr.  Carter  gives  the  average  freight 
train  weights  at  60  per  cent  of  the  maximum.  The  figure  of  80 
per  cent  given  for  the  468-mile  line  considered  in  my  paper  was 
not  assumed  but  was  an  actual  record.  This  has  been  increased 
to  86  per  cent  for  the  fiscal  year  ending  Jime  30,  1913,  being  91 
per  cent  for  west-bound  trains  and  82  per  cent  for  east-bound 
trains. 

The  possibility  of  handling  the  given  freight  tonnage  with  only 
43  electric  freight  locomotives  has  also  been  questioned,  although 
Mr.  Carter  qualifies  his  remarks  with  the  statement  that  if  this 
can  be  done  it  is  a  pretty  sure  sign  that  the  line  is  congested. 
While  this  is  true,  the  congestion  is  partly  caused  by  the  equip- 
ment troubles  on  the  two  helper  districts  near  terminal  No.  2. 

The  train  sheet  in  Fig.  3  was  for  the  day  of  maximum  traffic. 
Of  the  freight  trains  shown,  only  two  are  scheduled,    the  re- 
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mainder  being  run  as  extra.  This  maximum  day  train  sheet 
shows  that  only  six  freight  trains  were  in  simultaneous  operation 
on  engine  district  No.  1,  six  on  district  No.  2  and  seven  on 
district  No.  3,  a  total  of  19  freight  trains,  requiring  19  freight 
road  locomotives.  Additional  locomotives  would,  of  cotirse, 
have  to  be  allowed  to  provide  for  helper  locomotives,  time  in 
enginehouse,  shops,  etc.,  but  it  should  be  remembered  that  at  the 
time  of  maximtim  demand  there  would  generally  be  a  minimum 
nimiber  of  locomotives  in  the  enginehouse.  As  stated  in  the 
paper,  the  number  of  electric  freight  locmotives  required  is  based 
upon  the  number  of  steam  locomotives  actually  used  to  handle 
the  traffic,  allowing  for  the  reduction  in  the  number  of  freight 
trains  by  electric  operation  and  the  fact  that  an  electric  locomo- 
tive is  nearly  always  ready  for  service  and  needs  to  spend  little 
time  in  the  enginehouse.  I  judge  my  estimate  of  43  electric  freight 
locomotives  not  only  to  be  large  enough  to  handle  the  given 
tonnage  but  also  to  provide  a  larger  margin  than  is  usually 
allowed  for  steam  service. 

With  regard  to  the  number  of  electric  passenger  locomotives, 
it  should  be  mentioned  that  of  the  the  three  through  passenger 
trains  each  way  per  day  shown,  one  is  really  a  solid  mail  train. 
No  extra  mail  trains  are  operated  and  the  nimiber  of  passenger 
trains  operated  in  addition  to  the  two  through  passenger  trains 
scheduled  is  small,  which  will  account  for  the  apparent  narrow 
margin  allowed  in  the  number  of  electric  passenger  locomotives. 
Further,  it  was  proposed  to  make  districts  Nos.  1  and  2  one 
passenger  run,  there  being  no  objection  to  this  on  account 
of  grades  or  a  16-hour  labor  law,  as  would  be  the  case  with 
freight  trains.  This  practise  of  making  the  passenger  runs 
double  the  freight  runs  is  now  being  followed  on  some  districts 
with  steam  locomotives. 

In  the  case  of  local  passenger  traffic,  the  volume  is  not  so 
uniform  as  the  through  traffic,  on  account  of  state  and  county 
fairs  and  other  things  requiring  excursion  and  extra  trains,  but 
14  motor  cars  were  allowed  for  this  purpose.  Most  of  these  local 
extra  trains  are  operated  on  the  west  end  of  the  line  and  the  extra 
cars  allowed  can  be  held  in  readiness  at  terminal  No.  2. 

Possibly  Table  VI,  in  regard  to  number  of  trains,  as  com- 
piled, should  have  some  explanation  to  make  things  clear.  The 
figures  shown  under  the  maximum  day  column  mean  the  total 
number  of  trains  on  the  maximum  day.  The  maximum  day  of 
passenger  traffic  does  not  happen  at  the  same  season  of  the 
yearasmaximumfreighttraffic,  as  stated,  and  although  the  16 
freight  trains  shown  under  the  maximum  day  column  of  district 
No.  1  are  the  maximimi  number,  the  10  passenger  trains  shown 
in  the  same  column  are  not  the  maximum  number  of  passenger 
trains  operated  but  only  the  number  operated  on  the  maximum 
day  for  both  passenger  and  freight  traffic.  The  total  number  of 
trains  per  day,  26  as  shown  for  district  No.  1,  is,  of  course,  the 
maximum  number  for  the  year.  The  same  applies  to  the  other 
districts.  ^._  r^  T 
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The  number  of  ^passenger  trains  in  the  average  dayjcolinnn  is 
given  in  round  nmnbers  to  simplify  computations,  the  actual 
figures  being  10 . 5  passenger  trains  for  district  No.  1 ;  8.2  trains 
for  district  No.  2  and  8.1  trains  for  district  No,  3,  the  extra 
trains  being  principally  local  trains.  Since  the  number  of  pas- 
senger trains  was  taken  the  same  for  both  steam  and  electric 
operation,  this  would  not  materially  affect  the  results,  which 
would  not  be  the  case  for  freight  service,  and  the  exact  freight 
train  figures  had  to  be  used. 

Although  some  direct-current  locomotive  repair  costs  were 
quoted  in  my  paper,  the  electric  locomotive  repair  costs  used  in 
the  estimates  were  based  upon  a  study  of  the  comparative  repair 
expenses  of  the  different  parts  of  steam  and  single-phase  electric 
locomotives,  as  outUned  on  page  1217,  which  shows  that  it  was 
estimated  that  a  single-phase  locomotive  would  cost  about  45 
per  cent  as  much  as  a  steam  locomotive  for  repairs.  For  the 
direct-ctirrent  locomotive  costs  quoted,  this  figure  gets  as  low 
as  36.5  per  cent,  showing  that  an  allowance  was  made  for  the 
relative  cost  of  alternating-current  and  direct-current  locomo- 
tives. 

The  foregoing  answers  most. of  the  questions  put  by  Messrs. 
Hall  and  Welsh.  The  estimated  cost  of  the  steel  tower  trans- 
mission line  was  based  upon  the  actual  cost  of  a  steel  tower  line 
lately  built  parallel  to  the  railroad,  the  material  being  dis- 
tributed by  work  trains  on  the  railroad,  and,  if  anything,  is  high. 

Catenary  construction  was,  of  course,  proposed  for  the  high- 
voltage  trolley  line.  The  figures  quoted  by  Messrs.  Hall  and 
Welsh  appear  high  even  for  California  conditions,  or  else  they 
include  the  cost  of  the  copper  trolley. 

A  niunber  of  Mr.  Murray's  remarks  are  worthy  of  careful  con- 
sideration, especially  as  he  does  not  underestimate  the  steam 
locomotive.  He  believes  that  in  making  comparisons  between 
steam  and  electric  operation  of  railroads  some  consideration 
should  be  given  to  the  improvement  of  the  steam  service,  and 
there  is  no  question  but  that  more  consideration  will  be  given 
to  steam  railroad  electrification  by  both  operating  and  financial 
railroad  men  if  the  matter  is  presented  in  this  way.  For  instance, 
steam  operation  of  the  468-mile  line  discussed  in  my  paper  coiild 
be  improved  by  the  use  of  Mikado  locomotives  for  freight  service 
instead  of  consoHdated  locomotives,  and  by  revising  both  the 
ruling  and  helper  grades.  However,  this  would  take  very  nearly 
as  much  money  as  required  for  electrification  and  the  reduction 
in  operating  expenses  woxdd  not,  with  the  present  traffic,  pay  the 
fixed  charges  on  the  investment,  while  by  electric  operation  a 
fair  return  would  be  had  on  the  investment. 

The  nxunerous  advantagesjof  substituting  electric  power  for 
steam  on  mountain  grades,,  mentioned  by  Mr.  Hill  and  Mr. 
MerrieU,  are  generally  conceded  even  by  many  steam  railroad 
men,  and  are  in  accord  with  investigations  made  of  mountain 
grades  on  our  lines.  Mr.  Babcock  seems  the  only  one  unable 
to  make  any  showing  for  electrification  on  mountain  grades. 
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Our  investigations  would  also  indicate  that  many  engine  dis- 
tricts of  only  moderate  grades  could  be  more  economically 
operated  by  electric  power  than  by  steam,  and  in  some  instances 
show  up  better  than  even  the  mountain  sections;  the  reason 
being  that  on  some  moderate  grade  sections  the  number  of  freight 
trains  can  be  very  much  reduced  by  electric  operation  on  account 
of  the  characteristic  of  the  electric  locomotive  to  operate  at  over- 
load for  short  periods.  On  mountain  grade  sections,  however, 
the  continuous  rating  of  the  motors  is  more  important,  and 
although  some  reduction  can  generally  be  made  in  the  train 
service,  it  is  not  as  great  as  can  often  be  made  on  some  moderate 
grade  engine  district  where  the  ruling  grades  are  short. 

Roger  T.  Smith  (by  letter) :  Mr.  Kahler's  paper  is  interesting 
to  English  electrical  engineers  from  the  complete  method  of  an- 
alysis adopted.  The  examples  taken  do  not,  however,  invite 
criticism  either  of  the  constants  or  of  the  restdts,  since  they  are 
not  comparable  with  anything  in  the  way  of  steam  or  electric 
traction  that  we  have  or  are  Ukely  to  have  in  England. 

Mr.  Hobart's  paper,  while  of  course  taking  its  examples  from 
American  practise,  deals  largely  with  certain  fundamental  con- 
stants for  both  steam  and  electric  traction  common  to  all  rail- 
ways. The  method  of  analysis  used  and  its  lucid  presentation 
conceal  the  great  amount  of  work  which  must  have  been  done 
in  the  preparation  of  the  paper,  nevertheless  certain  of  the 
constants  used  in  the  calculation  can  only  be  considered  as  a 
first  approximation.  It  may  be  useful  to  compare  some  of  them 
with  similar  figures  taken  from  English  experience,  and  through 
the  kindness  of  Mr.  G.  J.  Churchward,  locomotive,  carriage 
and  wagon  superintendent  of  the  Great  Western  Railway, 
England,  I  am  enabled  to  consider  several  of  the  constants  used 
by  Mr.  Hobart  in  the  light  of  English  experience  on  the  longest 
English  railway.  While  confirming  or  criticising  Mr.  Hobart's 
constants,  it  is  to  be  remembered  that  the  English  figures  put 
forward  are  for  conditions  for  the  most  part  very  different  from 
those  in  America.  Without  Mr.  Chtirchward's  help  no  steam 
figures  could  have  been  given,  but  even  these  figures  are  also 
only  to  be  looked  upon  as  approximations,  and  Mr.  Chtirchward 
must  not  in  any  way  be  held  responsible  for  the  manner  in 
which  the  figures  are  presented. 


Page. 

Line. 

Constant  or  Assumption. 

Deduction  affected  by  as- 
sumption. 

A. 

B. 

C. 

D. 

1161. 
1152. 

29. 
6. 

Coefficient  of  adhesion.  0.20. 

Average   tractive  effort   over 
100  miles  for  both  loco,  and 
load  0  lb.  (10  lb.)  per  ton  at 
average  speed  60  mi.  per  hr. 

Maximum  available  tractive 

effort. 
The  whole  subsequent  inves- 
tigation depends  on  this  fig- 
ure. 

Mr.  Hobart  deals  first  with  steam  and  electric  constants 
for  a  fast  passenger  service  covering  100  miles  in  two  hours. 
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Steam  figures  are  given  for  a  Pacific  4-6-2  type  locomotive. 
The  difference  between  the  American  ton  and  English  ton  may 
easily  result  in  considerable  confusion  in  comparing  constants 
used  in  the  two  cotmtries,  and  while  my  figures  are  all  given 
in  American  tons  of  2000  lb.,  the  equivsdent  in  English  tons  of 
2240  lb.  will  be  given  enclosed  in  brackets.  The  author's  en- 
gine weighs  115  tons  (103)  with  85  tons  (76)  adhesive  weight, 
hauling  a  train  of  750  tons  (670).  The  comparative  figures  will 
for  the  most  part  represent  results  obtained  with  4-6-0  type 
engpes  having  a  weight  of  85  tons  (76)  with  62  tons  (55J)  ad- 
hesive weight,  hauling  passenger  trains  rarely  exceeding  half 
the  weight  of  the  American  train. 

The  value  of  the  coefficient  of  adhesion  should  not  be  taken 
as  higher  than  0.20.  Experience  with  trains  of  about  half  the 
weight  of  the  author's  train  gives  9  lb.  train  resistance  per 
American  ton  (10  lb.)  as  a  good  average  figure.  Sufficient 
data  are  not  available  to  determine  whether  the  tractive  effort 
is  the  same  for  the  locomotive  as  for  the  coaches  but  it  is  to  be 
remembered  that  this  confirmation  of  the  author's  figures 
applies  only  to  the  coaches.  There  is  reason  to  believe  that 
train  resistance  is  greater  for  the  locomotive,  and  there  is  con- 
siderable advantage  in  dealing  only  with  drawbar  forces,  such 
as  can  be  measured  on  a  dynamometer  car,  rather  than  with 
forces  in  the  cylinder,  the  measurement  of  which  by  means 
of  the  indicator  is  extraordinarily  difficult  and  liable  to  many 
errors. 


A. 

B. 

C. 

D. 

1152. 

9. 

Efficiency    from    cylinder    to 
crink  pin,  S5  per  cent. 

The   average   i.h.p.   required 
throughout  the  journey,    the 
coal  burnt  and  the  journey 
efficiency. 

This  efficiency  woiild  be  more  satisfactory  if  stated  as  be- 
tween cylinders  and  rims  of  driving  wheels.  While  curves  of 
drawbar  h.p.  plotted  with  speed  imder  specific  conditions  can 
be  readily  drawn  to  connect  many  points  determined  experi- 
mentally, the  corresponding  i.h.p.  values  are  very  hard  to  con- 


nect by  a  smooth  curve.    An  average  value  of  ratio 


drawbar  h.p. 
i.h.p. 


may  be  taken  to  be  70  per  cent,  and  the  indicated  h.p.  under  the 
author's  conditions  would  on  this  assumption  be  1290  instead 
of  1320,  thus  checking  the  value  of  85  per  cent  very  closely. 


A. 

B. 

C. 

D. 

J 152. 

14. 

Coal  per  i.h.p.  -  3.6  lb.  of 
calorific  value  of  14.000  B.t.u. 
per  lb. 

The  ooal  burnt  and  the  jour- 
ney efficiencies  from  coal  to 
cylinder  and  to  wheel  rime. 
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On  trials  where  the  ratio 


d-b.  h.  p. 
i.  h.  p. 


was  0.70  the  pounds  of 


Welsh  coal  of  a  calorific  value  of  15,400  B.t.u.  per  i.h.p.  were 
2. 75,  which  would  probably  correspond  to  3  lb.  per  i.h.p.  for  the 
author's  lower  calorific  value.  Taking  the  actual  figure  of 
2.75  lb.  for  the  better  coal  the  journey  efficiency  from  coal  to 
drawbar  is  increased  from  3.53  to  4.1  per  cent. 


A. 

B. 

0. 

D. 

1153. 

17. 

Coal  ased  for  firing  up  and  at 
end  of  journey  3000  lb.  or  321 
per  cent  of  coal  ua6d  on  100 
mile  run. 

ney  efficiency  from  coal  to 
drawbar. 

The  figure  3000  lb.  for  the  coal  used  for  firing  up  and  at  end 
of  journey  would  be  considered  very  exceptional.  About  800 
lb.  for  firing  up  and  1100  lb.  left  in  the  firebox  at  the  journey's 
end  may  be  considered  as  representative  figures  for  the  largest 
English  engines.  This  added  to  the  coal  used  on  the  run  would 
reduce  the  journey  efficiency  of  coal  to  drawbar  from  4. 1  per 
cent  to  3.2  per  cent  as  compared  with  the  author's  figure  of 
2.85  per  cent,  the  coal  per  drawbar  h.p.  amounting  to  5.2  lb. 
instead  of  6. 86  lb. 

For  the  electric  locomotives,  if  we  accept  the  author's  as- 
sumption that  the  resistance  per  ton  of  locomotive  is  the  same 
as  for  the  coaches,  and  the  other  carefully  prepared  and  fair 
chain  of  efficiencies  between  the  coal  bunkers  and  the  rims  of 
the  drivers  given  on  pages  1154  and  1156,  the  final  figure  for 
this  efficiency  given  by  the  author  is  6J  per  cent.  With  the 
steam  figures  already  given  for  an  English  railway  with  loco- 
motive coal  of  15,400  B.t.u.  or  6  h.p-hr.  per  lb.,  57  per  cent  of 
the  coal  used  by  the  steam  locomotives  would  be  required  to 
haul  the  train  electrically,  as  compared  with  the  author's  47 
per  cent. 

If  steam  locomotive  working  costs  include  coal,  water,  run- 
ning wages  and  superintendence,  lubricants,  small  stores,  and 
locomotive  repairs  and  renewals,  the  average  cost  of  working 
a  locomotive — that  is,  the  total  of  these  costs  divided  by  the 
total  number  of  locomotives  in  service — ^is  about  $5000  per 
annum. 

Of  these  costs,  coal  and  water  account  for  about  one  third. 
It  is  suggested  that  these  total  costs,  averaged  over  the^  whole 
stock,  and  then  modified  to  suit  each  type  of  locomotive  for 
which  the  average  consumption  of  coal  per  mile  is  known,  would 
be  the  most  useful  figure  for  comparison  between  steam  and 
electric  locomotives.  I  regret  not  to  be  in  a  position  to  give 
this  analysis  for  different  types. 

In  comparing  steam  and  electric  locomotives  for  fast  pas- 
senger service  it  must  not  be  forgotten  that,  with  increasing 
speed,  the  series  motor  falls  off  in  output  much  more  rapidly 
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than  the  steam  cylinder.  The  type  of  English  steam  locomotive 
most  in  favor  for  fast  passenger  service  can  give  a  measured 
(not  calculated)  drawbar  h.p.  of  1100  at  70  miles  per  hour. 
The  Pacific  type  could  of  course  give  a  greater  h.p.  Have  any 
electric  locomotives  in  America  given  a  measured  drawbar 
pull  of  5900  lb.  at  70  miles  per  hour? 

Agreeing  with  all  that  the  author  has  said  as  to  the  purchase 
of  electricity  in  preference  to  its  generation  by  the  railway, 
the  British  system  of  small  municipal  electric  supplies  in  each 
town  militates  against  the  price  of  electricity  offered  by  the 
large  power  companies  falling  to  a  sufficiently  low  figure  except 
on  the  N.  E.  coast,  where  attractive  prices  are  offered  for  trac- 
tion. This  has  an  important  bearing  in  connection  with  the 
type  of  traffic  dealt  with  in  the  second  part  of  Mr.  Hobart*s 
paper  tmder  the  head  of  "  Mountain  grade  railways,  "  where 
the  hauling  of  heavy  goods  trains  is  considered  firstly  up  0.3 
per  cent  grades  and  secondly  up  1 . 5  per  cent  grades. 

Here  again  our  conditions  are  different.  There  are  prob- 
ably 700,000  privately  owned  traders'  wagons  in  the  United 
Kingdom  for  which  the  drawgear  is,  when  new,  tested  to  56  tons 
(50).  This  permits  of  a  maximtun  tractive  effort  of  13i  tons 
(12)  and  a  maximtun  starting  effort  of  19  tons  (17),  and  no 
locomotive  giving  more  drawbar  pull  than  this  is  required  for 
general  use.  But  apart  from  the  loss  of  strength  by  wear,  a 
considerable  percentage  of  traders'  wagons  are  much  below 
this  standard  and  in  general  make  very  heavy  freight  trains 
impossible.  On  some  railways  and  in  some  classes  of  mineral 
traffic  the  company's  own  wagons  are  solely  used  and  in  such 
cases  drawgear  can  be  suited  to  heavier  trains,  but  there  is  no 
difficulty  in  building,  within  the  British  load  gage,  steam  lo- 
comotives (such  for  instance  as  those  of  the  2-8-0  Consolida- 
tion tank  type  with  70  tons  (62^  tons)  adhesive  weight)  capable 
of  pulling  the  heaviest  trains  containing  traders'  wagons  which 
from  the  strength  of  their  drawgear  it  is  safe  to  marshal.  In 
this  coimtry,  therefore,  save  in  some  special  cases,  the  advantage 
of  hauling  heavier  goods  trains  than  can  be  hauled  by  a  steam 
locomotive  does  not  exist.  In  spite  of  this,  the  electric  hauling 
of  heavy  goods  trains  in  hilly  districts  is,  after  suburban  passen- 
ger traffic,  the  most  promising  field  for  electric  traction  in  this 
country,  on  account  of  increase  in  possible  speed. 

Let  us  turn  again  to  the  author's  constants,  remembering  the 
British  drawgear  limitation  in  the  possiblefjmaximum  weight 
of  goods  trains  in  general. 


A. 

B. 

C- 

D. 

1163. 

19. 

at  14  mi.  per  hr.  -  4  lb.  (4.5) 
per  ton  of  loaded  train,  and 

both  at  14  mi.  per  hr. 

The  drawbar  h.p.  and  all  lab- 
aequent  resolte. 
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Different  load  conditions  in  the  two  countries  make  com- 
parisons difficult.  For  a  560-ton  (500)  train  the  resistance 
per  American  ton  was  6  lb.  (6.7)  and  for  the  empties  weighing 
215  tons  (190)  the  resistance  per  American  ton  was  15.1  lb. 
(15. 9) J  but  the  speed  was  20  miles  per  hour  instead  of  14  miles. 
The  value  560  tons,  approaches  the  possible  British  limit  of 
train  weight  with  a  ruling  gradient  of  1  per  cent. 


A. 

B. 

c. 

D. 

iie4. 

2. 

Startmg    adhesion    from    25 
per  cent  to  30  per  cent. 

The  maximum  starting  effort 
of  locomotive. 

The  adhesion  at  starting  with  the  2-8-0  type  of  goods  engine 
is  0.32. 

No  useful  comparison  can  be  made  with  English  conditions, 
of  the  various  constants  leading  to  the  efficiency  for  mountain 
grade  locomotives  between  the  coal  and  the  drawbar.  The 
amount  of  30  per  cent  added  for  the  coal  used  when  the  loco- 
motive is  standing  can,  however,  be  confirmed. 

It  is  not  possible  to  give  a  figure  comparable  with  the  author's 
figure  for  locomotive  repairs.  It  is  presumed  that  the  figure 
of  10  cents  per  mile  per  100  tons  is  an  average  figure  and  that 
for  the  Mallet  locomotive  under  consideration  it  would  be  more. 

Only  one  other  figure  used  in  the  author's  interesting  com- 
parisons between  steam  and  electric  locomotives  on  mountain 
grades  can  be  given  from  experience  this  side,  and  that  is  with 
reference  to  the  16,000  traffic  miles  per  anntim  of  the  Mallet 
locomotive.  On  a  Welsh  section  including  a  ruling  gradient 
for  2  miles  of  2.0  per  cent  the  average  annual  mileage  of  the 
2-8-0  type  of  locomotive  is  15,000. 

It  is  a  misfortune  that  the  type  of  goods  service  in  hilly  dis- 
tricts for  which  ele  ctric  traction  is  most  suited  in  England 
is  conducted  under  such  very  different  conditions  from  those 
obtaining  in  America  that  a  comparison  with  the  author's 
figures  is  only  possible  in  one  or  two  instances.  Such  com- 
parisons as  have  been  made  point  to  the  close  agreement  of  the 
author's  constants  with  those  obtained  from  one  English  rail- 
way. 

H.  M,  Hobart  (by  letter) :  The  more  valuable  portions  of  the 
discussions  of  the  papers  by  Mr.  Kahler  and  mysdf  consisted  in 
written  contributions  containing  a  large  amotmt  of  quantitative 
data  which  required  detailed  ansdysis  in  order  to  disclose  its  signifi- 
cance. Indeed,  the  significance  of  the  contributions  of  Messrs. 
Babcock,  Hall  and  Welsh  have  only  become  clearly  apparent 
after  studying  them  in  conjunction  with  Mr.  Babcock's  paper 
entitled  Mountain  Railway  Electrification ,  which  is  published 
in  this  volume  of  the  Transactions,  page  1845.  In  this  paper 
Mr.  Babcock  considers  a  mountain  railway  which  in  many 
respects  is  practically  identical  with  the  case  which  I  worked 
out  in  my  paper,  and  it  is  only  recently  that  I  have  been  able 
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to  Study  all  this  material.  This  study  has  satisfied  me  that 
Mr.  Babcock  may  be  in  error  in  extending  his  tmfavorable 
conclusion  as  regards  electrification  of  motmtain  railways  to 
cases  where  the  conditions  are  less  favorable  with  respect,  to 
low  cost  of  fuel,  than  in  the  exceptional  case  which  he  has  con- 
sidered. Mr.  Babcock  has  based  his  steam  locomotive  costs  on 
the  use  of  oil  purchased  at  about  one  cent  per  gallon  or  42  cents 
per  barrel.  CMl  fuel  at  such  a  price  is  equivalent  to  lignite  (of 
a  calorific  value  of  11,000  B.t.u.  per  pound)  at  a  price  of  $1.60 
per  ton.  For  my  example  of  a  96-mile  mountain-grade  railway 
I  assumed  a  price  of  $2.40  per  ton.  This  price  is  the  lowest 
which  could  be  considered  representative.  I  devoted  a  page 
of  my  paper  to  pointing  out  and  emphasizing  the  fact  that 
with  decreasing  price  of  fuel  the  case  for  electrification  rapidly 
became  less  favorable.  The  substitution  of  $1 .  60  per  ton  for 
fuel  in  place  of  my  figure  of  $2.40  per  ton  would  have  greatly 
decreased  the  margin  in  favor  of  electrification. 

It  will  be  agreed  that  the  price  of  about  one  cent  per  gallon 
(42  cents  per  barrel)  for  oil  fuel  is  local  in  its  application.  At 
a  price  of  2  cents  per  gallon  (84  cents  per  barrel)  the  item  of 
$241,000  for  locomotive  fuel  in  Mr.  Babcock's  paper  becomes 
$482,000  and  mcreases  his  ''  Steam "  total  of  $687,000  to 
$928,000.  Furthermore,  Mr.  Babcock  gives  items  for  first 
cost  of  (I)  Substations  and  (II)  Contact  System  and  Bonding, 
of  $1,610,000  and  $1,100,000  respectively,  or  a  total  of  (I),  and 
(II)  amounting  to  $2,710,000.  The  output  of  the  substations 
amotmts  to  only  some  47  million  kw-hr.  per  annum.  For  a 
load  of  the  character  handled  on  his  railway  the  substation 
outlay  could  certainly  be  reduced  to  much  less  than  half  of  his 
figure.  Without  going  at  length  into  this  matter,  (which 
appears  to  be  the  chief  point  of  difference  between  our  estimates) , 
I  diould  unhesitatingly  reduce  Mr.  Babcock's  $2,710,000  by 
$800,000.    Bond  interest  at  4J  per  cent  comes  to 

0.045  X  800,000  =  $36,000. 

and  when  subtracted  from  the  **  Electric  "  total  of  $451,000, 
leaves $415,000. 

We  now  have 

Steam $928,000 

Electric 415,000 

Difference $513,000 

from  which  the  cost  of  the  electricity  is  to  be  defrayed.  55  mil- 
lion kw-hr.  delivered  annually  to  the  substations  at  a  price  of 
0.65  cents  per  kw-hr.  amounts  to  an  annual  charge  of  $358,000, 
leaving  a  balance  of  $155,000  to  cover  taxes  and  depreciation. 
The  net  investment  is 

$3,828,000— $800,000  =  $3,028,000 
of  which  amount  our  $155,000  is  5. 1  per  cent. 
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This  is  a  conservatively  prepared  statement  and  is  interest- 
ing in  disclosing  (1)  the  effect  of  the  fuel  cost  on  the  result  and 
(2)  the  influence  of  the  substation  arrangements. 

I  .cannot  agree  with  Mr.  Babcock's  optimistic  estimates  of 
the  eflSciency  in  his  electric  alternative  and  in  a  close  analysis 
corrections  ought  to  be  introduced  in  this  respect  which  would 
render  the  results  a  little  less  favorable  to  electrification.  On 
the  other  hand,  I  have  taken  no  account  of  the  decreased  outlay 
for  substation  labor  and  supplies  which  would  ensue  from  halv- 
ing the  number  of  substations  and  eliminating  the  feature  of 
starting  up  the  machinery  just  prior  to  the  approach  of  each 
train. 

If  my  results  indicate  the  general  order  of  magnitude  of  the 
investment  and  operating  costs,  it  would  appear  that  the  in- 
creased capacity  consequent  upon  the  electrification  of  such  a 
moimtain  grade  railway  should  be  amply  attractive  to  justify 
serious  consideration  of  electrification  on  the  part  of  the  ex- 
ecutives of  such  roads. 

Mr.  Roger  Smith's  contribution  contains  data  of  very  great 
value.  Engineers  will  appreciate  having  available  the  precise 
figures  which  Mr.  Smith,  the  chief  electrical  engineer,  and  Mr. 
G.  J.  Churchward,  locomotive  superintendent,  of  the  Great 
Western  Railway  of  England,  have  here  presented.  The  Great 
Western  data  closely  confirm  my  assumptions  and  in  so  far  as 
they  deviate  therefrom  will  be  of  valuable  guidance  in  ar- 
riving at  more  appropriate  assumptions  in  investigations  of 
this  sort. 

I  accept  Mr.  F.  W.  Carter's  suggestions  as  very  much  to  the 
point.  Mr.  F.  C.  Merriell  alludes  to  the  important  superiority 
of  electrical  operation  as  regards  immunity  from  the  difficulties 
attending  steam-locomotive  traction  in  extreme  cold  weather. 
The  point  is  one  of  much  importance. 

With  reference  to  the  discussion  of  steel  rectifiers  by  Messrs. 
Armstrong  and  Murray,  I  should  like  to  refer  to  pages  136  and  137 
of  a  paper  entitled  The  Relative  Costs  and  Operating  Efficiencies  of 
Polyphase  and  Single-Phase  Generating  and  Transmitting  Sys- 
tems,* in  which  I  caUed  attention  to  the  useful  and  useless  lines 
on  which  such  apparatus  may  be  developed.  If  Mr.  Mxuray 
will  refer  to  that  paper  and  to  his  own  experiences  he  will  see 
that  there  is  need  for  a  revision  of  his  statement  that  "  the 
power  houses  of  the  single-phase  and  continuous-ciurent  systems 
are  about  a  stand-off.  "  Mr.  ParshaU  expresses  the  opinion 
that  the  paper  credits  the  steam  locomotive  with  a  better  per- 
formance than  is  representative.  The  criticisms  of  Messrs. 
Murray  and  W5mne,  on  the  contrary,  appear  to  be  to  the  gen- 
eral effect  that  I  have  underestimated  the  performance  of  the 
steam  locomotive. 

It  is  interesting  to  contrast  the  conclusions  of  Mr.  George 
Hill  with  those  of  Mr.  Babcock.    The  former  states  that  his 

♦Trans.  A  LE.E..  Vol.  XXXI.  (1912),  p.  116, 
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firm  has  satisfied  itself  in  the  course  of  its  investigations  that 
electrification  will  make  a  very  satisfactory  showing  for  many 
cases  of  heavy  mountain  grades:  the  latter  has  reported  on 
"every  mountain  railway  exit  from  the  Central  California 
valleys,  and  on  other  mountain  districts  in  other  parts  of  the 
West  Coast  country  "  and  the  conclusions  have  invariably 
been  adverse  to  electrification. 

Mr.  Wynne  criticises  my  78  per  cent  annual  substation  ef- 
ficiency for  the  mountain-grade  service  as  being  too  high,  and 
recommends  that  it  be  decreased  by  from  7  to  10  per  cent. 
In  Mr.  Babcock's  paper  the  annual  substation  eflSciency  is 
taken  as  90  per  cent.  In  my  opinion  this  is  10  per  cent  higher 
than  he  could  obtain  by  any  practical  means  for  the  service  he 
describes.  In  Mr.  Wynne's  opinion  Mr.  Babcock's  figure  is 
20  per  cent  too  high. 

I  am  especially  glad  to  have  the  data  which  Messrs.  Hall  and 
Welsh  give  relating  to  the  cost  of  Mallet  locomotives.  Al- 
though the  figures  which  I  obtained  for  the  cost  of  Mallets 
were  from  very  reliable  sources,  nevertheless,  I  should  have 
employed  somewhat  lower  prices  had  these  further  data  been 
known  to  me.  The  comparative  result  would,  however,  not 
be  much  affected,  if  at  the  same  time,  I  had  taken  the  electric 
freight  locomotives  at  $360  per  ton,  the  figure  employed  by  Mr. 
Babcock  in  his  paper,  in  place  of  the  figure  of  $450  per  ton  which 
I  employed  for  the  electric  locomotives  in  my  estimates. 

A.  B.  Babcock  (by  letter):  Mr.  Hobart  is  satisfied  "  that 
Mr.  Babcock  may  be  in  error  in  extending  his  unfavorable  con- 
clusions as  regards  electrification  of  mountain  railwa3rs  to 
cases  where  the  conditions  are  less  favorable  with  respect  to  the 
low  cost  of  fuel  than  in  the  exceptional  case  which  he  has  con- 
sidered." It  seems  impossible  for  me  to  make  plain  enough 
to  be  imderstood  that  my  concltisions  are  not  unfavorable  to 
electrification  of  any  railwajrs,  mountain  or  plain,  except  those 
that  I  have  investigated  personally  and  reported  on  adversely. 
While  these  concern  the  exits  from  the  Central  CaUfomia 
valleys,  and  some  other  mountain  districts  on  the  West  Coast, 
there  are  many  other  districts  in  which  electrification  may  be 
extremely  profitable.  I  am  not  aware  that  I  have  ever  made  a 
statement  favorable  or  tmfavorable  to  electrification  in  general. 

Mr.  Hobart,  if  I  understand  his  argument,  goes  on  to  asstmie 
a  hypothetical  value  of  fuel  and  from  that  argues  himself  into 
a  position  contrary  to  that  resulting  from  my  analysis  of  the  Te- 
hachapi  figures.  With  reference  to  this,  permit  me  to  c^ 
his  attention  to  my  discussion  of  his  paper  (see  page  1237, 
preceding).  "While  in  the  hypothetical  case,  from  a  given 
set  of  assumptions  one  may  argue  himself  into  almost  any  de- 
sired position,  in  practise  the  hard  and  unyielding  physical 
facts  are  met."  He  also  states,  "  For  a  load  of  the  character 
handled  on  his  railway  the  substation  outlay  could  certainly  be 
reduced  to  much  less  than  half  his  figtire."    Again  permit  me  to 
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call  his  attention  to  the  fact  that  actualities  are  considered  in 
my  Tehachapi  paper  and  to  refer  him  to  the  paragraph  wherein 
I  said,  "  This  traffic  must  be  handled  as  circumstances  require. 
It  cannot  be  spaced  conveniently  for  power  demands,  as  many 
engineers  and  power  men  have  suggested,  but  the  terminal  yards 
must  be  cleared  as  the  cars  accumulate." 

Mr.  Hobart  contrasts  the  conclusions  of  Mr.  George  Hill 
with  mine.  Mr.  Hiirs  viewpoint  and  mine  are  different.  Again 
I  will  refer  him  to  my  Tehachapi  paper,  first  and  third  paragraphs 
thereof. 

From  the  foregoing  quotations  it  would  appear  to  me  that 
Mr.  Hobart  has  not  read  the  Tehachapi  paper  with  the  care 
that  would  justify  his  positive  statements  with  reference  to  my 
attitude.  For  his  information  I  will  state  that  the  said  Te- 
hachapi paper  was  written  in  the  hope  that  it  would  draw 
out  a  discussion  wherein,  if  my  office  has  been  in  error  for  the 
last  ten  years  with  respect  to  such  problems,  these  errors  would 
now  be  pointed  out  by  those  who  are  competent  to  have  opinions  on 
this  subject.  So  far  only  Mr.  Hobart  has  offered  a  criticism. 
He  appears  to  have  read  it  without  discovering  that  it  deals  with 
facts, — with  things  as  they  are,  not  with  things  as  both  he  and 
I  might  wish  to  have  them.  Only  a  few  weeks  ago  I  stated  to 
a  representative  of  a  prominent  engineering  firm  that  I  would 
be  very  glad  to  be  shown  that  my  conclusions  are  erroneous,  if 
such  is  the  fact,  and  I  made  the  offer  at  that  time,  which  offer 
still  stands  open,  that  although  I  had  stated  in  the  Tehachapi 
paper  the  absolute  operating  facts  as  taken  from  the  company's 
records,  I  am  ready  at  any  time  to  turn  over  to  competent  mem- 
bers of  any  of  the  large  electrical  manufacturing  companies,  all 
of  the  operating  data  that  can  possibly  cast  light  on  these  prob- 
lems, to  give  them  access  to  all  of  the  facts  in  connection  with 
the  property,  and  if  they  can  convince  our  operating  officials 
that  there  is  a  profit  in  the  electrification  of  any  one  of  the 
mountain  outlets  from  Central  California,  as  operated  by  this 
company,  or  as  can  be  reasonably  operated  by  this  company, 
I  stand  ready  to  confess  my  error  as  publicly  as  I  have  stated 
my  conclusions;  but  I  will  neither  take  part  in  general  discussions 
that  lead  nowhere,  nor  will  I  pick  up  straw  men  after  they  have 
been  knocked  down. 
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SOME  ASPECTS  OF  INSTITUTE  AFFAIRS 
President's  Address 


BY   RALPH   D.    MBRSHON 


The  address  of  the  retiring  President  of  the  Institute  has 
usually  dealt  with  some  aspect  of  engineering,  or  with  the 
engineer.  It  has  been  the  exception,  rather  than  the  rule, 
that  a  presidential  address  has  discussed  Institute  af- 
fairs. It  seem&  to  me  eminently  fitting  and  desirable  that  in 
retiring  from  oflSce,  the  President  should  record  his  views  on  the 
more  important  matters  affecting  the  interests  of  the  Institute, 
with  which  he  has  become  acquainted  as  the  result  of  his  ad- 
ministration, and  the  years  of  service  that  preceded  it.  It  is 
my  purpose,  therefore,  to  discuss  some  of  the  more  important 
problems  confronting  the  Institute,  and  record  my  views  on 
them,  and  on  some  of  the  general  conditions  affecting  the  wel- 
fare of  our  organization. 

All  of  us,  I  am  sure,  desire  that  the  intensity  and  scope  of  the 
activities  of  the  Institute  shall  continually  increase.  That  new 
technical  committees  shall  be  instituted,  as  fast  as  the  progress 
of  the  art  of  electrical  engineering  justifies  them.  That  new 
Sections  shall  be  formed.  That  Institute  meetings,  or  Con- 
ventions, under  the  auspices  of  the  Sections,  shall  be  held  when- 
ever a  Section  desiring  such  a  meeting  can  justify  its  authoriza- 
tion. In  fact,  that  Institute  affairs  shall  always  be  so  conducted 
as  to  best  conduce  to  the  progress  of  the  art  with  which  our  or- 
ganization concerns  itself.  But  there  is  a  limitation  on  the  de- 
gree of  such  activities,  quite  aside  from  the  willingness  of  the 
individual  members  to  give  the  time  and  energy  necessary  for 
them;  the  limitation  imposed  by  the  relation  between  income  and 
expenditures.    Take,  for  instance,  the  matter  of  technical  com- 
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mittees.  Whenever  a  new  technical  committee  is  formed  it 
means  added  expense,  principally  for  printing.  It  means,  under 
otir  present  method  of  procedure,  that  the  matter  resulting 
from  the  activities  of  the  new  committee  will  be  issued  to  each 
of  our  7600  members.  It  will  be  issued  to  each  of  them  twice; 
once  in  the  Proceedings  and  once  in  the  Transactions.  The 
increased  expense  incident  to  the  addition  of  a  particularly 
active  technical  committee  may,  therefore,  be  quite  a  consider- 
able item.  It  is  evident  that  our  activities,  through  technical 
committees,  or  otherwise,  might  be  stimulated  to  a  point  where 
our  income  would  not  be  sufficient  to  meet  expenses.  The 
Institute  is  approaching  such  a  condition  of  affairs.  The  amount 
of  otir  annual  expense  is  uncomfortably  near  to  that  of  our  an- 
nual income.  We  must,  in  the  near  future,  either  slow  down 
in  the  rate  of  increase  of  oiu*  activities,  or  cut  down  our  expenses, 
or  increase  our  income.  We  must  either  make  our  activities 
keep  pace  with  our  increase  of  membership,  or  decrease  the  ex- 
penses of  otir  activities,  or  raise  our  dues.  The  last  cotu'se  would 
be  highly  objectionable,  and  the  first  highly  undesirable.  The 
second  expedient,  that  of  cutting  down  our  expenses,  is  the  only 
one  that  appeals  to  me.  I  believe  it  to  be  feasible,  and  I  am 
sustained  in  this  opinion  by  those  of  our  members  with  whom  I 
have  discussed  the  subject. 

Oiu*  largest  single  item  of  expense  is  printing.  Undoubtedly 
we  spend  a  good  deal  more  for  printing  than  is  justified.  From 
time  to  time  we  print  papers  and  discussions  whose  proper 
medium  is  the  technical  journals,  not  the  Institute  publications. 
Our  printing  and  mailing  expenses  can  be  considerably  reduced 
by  a  more  searchingly  judicious  selection  of  the  matter  for 
publication  from  the  wealth  of  matter  presented  before  the  In- 
stitute. They  can  be  much  further  reduced  by  devising  some 
scheme  whereby  each  member  will  receive  only  that  matter 
which  deals  with  the  subjects  in  which  he  is  interested,  with  the 
proviso  that  he  can  receive  all  the  matter  issued  by  pay- 
ing something  in  addition  to  his  regular  annual  dues.  Pos- 
sibly, also,  we  can  avoid  sending  out  the  same  matter  twice.  Un- 
doubtedly there  can  be,  and  should  be,  devised  some  expedient, 
whether  along  the  lines  suggested  or  otherwise,  that  will  be 
acceptable  to  the  membership  and  will  result  in  a  saving  which, 
for  a  time  at  least,  will  push  forward  the  expense  limitation  upon 
the  increase  of  oiu*  activities.  The  membership  should  assist 
the  governing  body  in  solving  this  problem. 
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This  question  of  expense  has  a  bearing,  not  always  clearly  ap- 
preciated, upon  another  matter.  We  often  hear  expressions  of  re- 
gret that  other  societies  have  been  formed  to  deal  with  subjects 
presumably  falling  within  the  scope  of  the  Institute.  But  I  ques- 
tion whether  this  is  always,  or  ever,  a  proper  subject  of  regret. 

If  a  new  society  be  formed  some  of  its  members  will  be  men 
who  are  also  members  of  the  Institute.  These  members,  com- 
mon to  both  societies,  will  pay  into  the  new  society  dues  in  ad- 
dition to  those  they  pay  into  the  Institute.  Also,  the  new 
society  will  send  out  its  publications  to  its  own  limited  number 
of  members. 

If  the  new  society  be  not  formed,  if  the  Institute  takes  up  the 
work,  that  the  new  society  would  cover,  with  the  same  degree 
of  intensity  that  the  new  society  would,  the  Institute  will  do  this 
without  any  proportional  increase  of  income,  and  will,  under 
our  present  scheme,  send  the  publication  of  the  new  matter  to 
all  the  Institute  members,  instead  of  to  the  comparatively  few  of 
the  new  society.  If  it  is  true  that  the  expense  per  member  of 
the  Institute  for  issuing  this  matter  will  probably  be  less  than  in 
the  new  society,  it  will  not  be  enough  less  to  counterbalance 
the  fact  that  the  Institute  will  have  no  proportionate  increase 
of  income,  due  to  the  new  activity,  and  to  the  fact  that  the  pub- 
lished matter  will  be  sent  to  all  the  Institute  members  instead 
of  the  smaller  number  of  the  new  society. 

It  appears,  then,  that  a  new  society  accomplishes  for  the  art  of 
engineering,  generally,  two  of  the  possible  expedients  mentioned 
above  in  connection  with  the  Institute.  That  is,  it  increases  the 
total  income  available  for  technical  work,  and  keeps  down  the 
gross  expense  by  sending  published  matter  to  those  only  who  are 
interested  in  it.  It  would  appear,  therefore,  that  the  splitting 
off  of  a  new  society  from  the  Institute  is  not  an  unmixed  evil. 
Perhaps  there  is,  and  in  many  cases  I  think  there  is,  no  evil  in  it 
at  all.  Of  the  members  of  the  new  society  who  are  not  members 
of  the  Institute  also,  few,  if  any,  would  have  been  members  of 
the  Institute  if  the  new  society  had  not  been  formed,  and  such 
additional  members  as  might  have  been  attracted  to  the  In- 
stitute by  reason  of  the  new  activity  would  not  have  yielded  an 
increase  of  income  comparable  to  the  increased  expense.  On  the 
other  hand,  the  formation  of  the  new  society  will  draw  away  from 
the  Institute  few,  if  any,  of  its  members. 

Similar  considerations  apply  to  the  question  of  amalgamating 
engineering  societies,  of  which  we  hear  from  time  to  time.     If 
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engineering  societies  were  brought  together  in  a  very  general 
organization  of  the  nature  of  a  holding  company,  possibly  some 
considerable  benefit  might  be  derived  therefrom.  But  if  they 
were  to  be  actually  amalgamated  into  one  society,  I  think  it 
very  questionable  whether  the  disadvantages  would  not  greatly 
outweigh  the  advantages  of  such  a  course. 

For  a  good  while  there  has  been  a  tendency  based  upon  tradi- 
tion and  precedent,  to  limit  the  scope  of  the  Institute's  work 
to  those  merely  technical  activities  which  some  people  seem  to 
think  constitute  the  sum  and  substance  of  engineering  work. 
The  attitude  has  been  that  the  engineer  is  not  concerned  with 
dollars;  that  it  is  beneath  his  dignity  to  deal  with  them.  This 
attitude  has  been  maintained  in  the  face  of  the  fact  that  in  all 
important  practical  engineering  work  the  question  of  dollars  is 
the  very  first  one  involved,  whether  it  be  in  the  construction 
cost  of  the  work,  in  the  operating  expense  in  connection  with  it 
after  it  has  been  installed,  in  the  profit  to  be  derived  from  its 
operation,  or  all  of  these.  I  believe  it  is  becoming  more  and 
more  clearly  realized  that  this  old  point  of  view  is  not  only  nar- 
row, but  erroneous;  that  a  technical  man  is  not  an  engineer 
unless  he  is  an  economist,  and  that  he  can  not  be  an  economist 
unless  he  can,  and  does,  deal  with  the  dollar  side  of  every  engi- 
neering proposition.  This  more  enlightened  point  of  view  is 
being  reflected  in  the  work  of  the  Institute,  as  is  evidenced  by  the 
appointment  of  committees  to  deal  with  such  things  as  deprecia- 
tion, operating  costs,  etc.  It  is  to  be  hoped  that  this  tendency 
towards  the  liberalization  of  Institute  activities  will  increase. 

The  system  of  local  Sections,  which  has  now  been  in  opera- 
tion in  the  Institute  for  ten  years,  has  grown  in  importance  and 
value,  and  will  undoubtedly  continue  to  do  so  as  time  goes  on. 
I  consider  that  some  of  the  most  valuable  work  of  the  Institute 
is  being  done  because  of  the  existence  of  the  local  Sections 
and  I  believe  the  importance  and  the  value  of  the  work  done  be- 
cause of,  and  due  to,  the  Sections  will  continually  increase.  I 
say  this  the  more  gladly  because  at  its  inception,  and  for  some 
time  afterwards,  I  took  an  unfavorable  view  of  the  Section  move- 
ment, and  had  grave  doubts  as  to  the  possibility  of  the  Sec- 
tions ever  amounting  to  much. 

It  has  been  suggested  that  the  Sections  be  encouraged  to  make 
their  organizations  more  formal  than  at  the  present  time.  That 
they  have  a  system  of  technical  committees  corresponding  to 
the  technical  committees  of  the  national  organization,  in  so  far  as 
the  subjects  with  which  the  national  committees  deal  are  of 
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interest  in  the  part  of  the  country  in  which  the  Section  is  located. 
It  has  also  been  proposed  that  where  a  Section  has  a  technical 
committee  dealing  with  a  given  subject,  the  chairman  of  the 
committee  shall  be  a  member  of  the  corresponding  national  com- 
mittee. These  suggestions  are,  it  seems  to  me,  worthy  of  care- 
ful consideration.  Their  adoption  would  be  a  means  of  more 
closely  binding  together  and  correlating  the  technical  work  of 
the  national  body  with  that  of  the  several  Sections.  I  have, 
during  the  past  year,  endeavored  to  realize  some  of  the  advantages 
of  such  a  scheme  by  appointing  to  committees  men  recommended 
thereto,  at  my  request,  by  the  Sections.  The  adoption  of  the 
suggested  interlocking  committee  scheme  would  more  or  less 
automatically  take  care  of  the  matter. 

But  whether  the  idea  of  similar  technical  committees  be  car- 
ried out  to  the  extent  suggested  or  not,  it  seems  to  me  exceedingly 
desirable  that  each  Section  have  a  Membership  Committee 
corresponding  to  the  Membership  Committee  of  the  national 
organization.  And  that  hereafter  any  effort  made  to  acquire 
members  be  exercised,  not  by  the  Membership  Committee  of 
the  national  organization  directly,  but  by  that  committee  through 
the  several  membership  committees  of  the  Sections.  It  seems 
to  me  hardly  in  keeping  with  the  dignity  of  the  Institute  to  cir- 
cularize for  members.  If  each  Section  has  a  Membership  Com- 
mittee, these  local  committees  will  be  in  a  position  to  campaign 
for  new  members,  either  by  direct  personal  contact,  or  by  en- 
listing the  aid  of  other  members  of  the  Section,  who,  by  personal 
contact  and  influence,  can  bring  about  the  desired  end  much  more 
effectively  than  it  can  be  accomplished  by  means  of  circulars, 
and  certainly  in  a  manner  much  more  compatible  with  the  dignity 
of  the  Institute. 

It  is  desirable  that  the  membership  generally  take  a  greater 
interest  in  the  conduct  of  Institute  affairs,  and  participate  in 
such  conduct,  so  far  as  geographical  location  will  permit.  Many 
of  the  problems  arising  in  connection  with  the  work  of  the  In- 
stitute can  best  be  solved  with  the  aid  of  our  members,  and  they 
should  not  only  be  encotiraged  but  expected  to  lend  this  aid. 
Such  general  participation  would  undoubtedly  be  facilitated  if 
there  were  a  better  geographical  representation  on  the  Board  of 
Directors  than  there  has  been  in  the  past.  While  I  realize  that 
the  greater  number  of  the  Directors  must  be  drawn  from  sections 
of  the  country  from  which  Institute  headquarters  are  easily 
accessible,  in  order  that  the  work  of  the  governing  body  shall 
not  be  hampered,  yet  it  is  desirable  that  a  certain  numberJp 
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of  the  Vice-Presidents  and  Managers  be  distributed  over  the 
remainder  of  the  country.  This  could  be  done,  without  running 
the  risk  of  seriously  hampering  the  work  of  the  governing  body, 
if  that  body  were  increased  by  the  number  of  the  members  to  be 
apportioned  to  the  districts  more  remote  from  headquarters.  It 
seems  to  me  that  such  increase  and  apportionment  is  desirable, 
not  only  as  a  means  of  participation,  but  as  a  means  recogniz- 
ing effective  service  and  achievement  on  the  part  of  members 
distant  from  headquarters. 

Participation  by  the  members  in  the  conduct  of  Institute 
affairs  would  also  be  fostered  by  greater  publicity  in  the 
matters  coming  before  the  Board  of  Directors.  We  Obvi- 
ously cannot  expect  the  cooperation  of  our  members,  no 
matter  how  willing  they  may  be  to  give  of  their  time  and 
effort,  unless  they  know  of  the  problems  on  which  cooperation, 
advice,  suggestion  and  criticism  are  desirable.  There  has  been 
a  tendency  to  take  the  attitude  that  it  might  be  harmful  to  the 
Institute  if  matters  on  which  there  were  differences  of  opinion  in 
the  Board  of  Directors  became  known  to  the  membership.  To 
my  mind  this  is  erroneous.  I  believe  no  live  organization  is 
hurt  by  discussion,  no  matter  how  general  it  may  become.  In 
fact  the  more  open  and  general  discussions  are,  the  more  likely 
is  the  organization  to  maintain  a  healthy  condition.  If  there  be 
vigorous  differences  of  opinion,  vigorously  expressed,  it  is  an 
evidence  that  the  organization  is  alive;  and  if  there  be  any  con- 
tention, the  more  public  it  is  made  the  more  likely  it  is  to  be 
conducted  in  a  spirit  of  the  utmost  fairness.  For  my  part,  I 
should  much  prefer  an  organization  live  enough  so  that  its  affairs 
would  evoke  discussion,  than  one  so  dead  that  no  discussion  or 
contention  would  ever  have  place.  Discussion,  constructive 
criticism,  even  contention,  when  it  involves  matters  of  principle, 
are  evidences  of  the  vitality  and  worth-whileness  of  the  organiza- 
tion, and  not  evidences  of  disintegration,  or  any  tendency  thereto. 
I  believe  it  much  better  in  every  way  for  the  Board  of  Directors 
to  allow  members  to  know  of  any  considerable  differences  of 
opinion  that  may  arise  in  the  Board,  than  to  endeavor  to  cover 
them  up  under  the  mistaken  idea  that  harm  to  the  Institute  may 
result  from  their  publicity.  The  Board  should  have  nothing  to 
fear  from  publicity.  If  it  has  anything  to  fear,  that  is  all  the 
more  reason  why  the  members  should  be  apprised  of  the  matter 
at  issue. 

Much  of  the  opposition  that  is  at  times  evidenced  in  new  de- 
partures on  the  part  of  the  Institute,  and  many  of  the  critidsmsr 
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of  current  courses  of  procedure,  are  based  on  precedent  and  tradi- 
tion. While  I  believe  precedent  should  always  be  considered, 
I  see  no  reason  why  it  should  not  be  promptly  overruled  if  con- 
trary to  any  course  that  on  careful  consideration  appears  ad- 
vantageous and  desirable.  Precedent  is,  it  seems  to  me,  mainly 
valuable  as  causing  us  to  more  carefully  consider  a  course  pro- 
posed contrary  to  it,  or  as  the  basis  for  a  decision  in  doubtful 
questions.  The  most  striking  and  valuable  improvements  have 
almost  always  come  as  the  result  of  action  directly  contrary  to  all 
precedent.  The  criteria  of  yesterday  will  not  necessarily  serve 
for  today;  and  the  criteria  of  today  will  probably  not  all  serve 
tomorrow.  There  is  no  more  reason  why  we  should  necessarily 
conform  to  the  practise  of  others,  or- to  our  own  practise  in  the 
past  in  Institute  affairs,  than  there  is  in  any  of  the  other  affairs 
of  life.  For  instance,  society  is  coming  to  see  the  futility  and 
false  modesty  of  endeavoring  to  blink  certain  physical  facts  in 
connection  with  human  nature.  It  is  coming  to  realize  the  false 
modesty  and  almost  criminality  of  endeavoring  to  ignore  those 
things  which  nature  will  not  permit  to  be  ignored  except  under 
penalty,  and  as  a  result  some  matters  are  now  openly  discussed 
with  a  frankness  that  would  have  caused  our  forbears  to  hold  up 
their  hands  in  horror.  There  is  no  reason,  that  I  can  see, 
why  in  Institute  affairs,  any  more  than  in  the  other  affairs  of 
life,  we  should  hesitate  to  do  those  things  that  are  obviously  both 
fimdamentally  right  and  expedient,  no  matter  what  tradition 
may  be  outraged,  or  how  contrary  such  course  may  be  to  previous 
custom  and  usage. 

There  have  been  criticisms  of  some  of  the  present  methods  of 
conducting  the  affairs  of  the  Institute  which  I  think  should  be 
viewed  in  the  light  of  what  I  have  just  said,  rather  than  in  the 
light  of  precedent.  One  of  these  is  the  matter  of  anything  of 
the  natiu^  of  competition  for  the  offices  in  the  gift  of  the  Insti- 
tute. To  my  mind  a  spirit  of  competition  is  to  be  welcomed 
rather  than  frowned  upon.  The  offices  of  the  Institute  are  no 
sinecure.  The  officials  and  others  conducting  the  affairs  of  the 
Institute  are  directly  responsible  for  the  results  obtained,  and  in 
order  that  effective  results  shall  be  forthcoming  it  is  necessary 
that  they  devote  a  considerable  amount  of  time  and  energy  to  the 
work  their  tenure  of  office  implies.  It  is  a  matter  of  congrattda- 
tion,  therefore,  it  seems  to  me,  that  there  should  be  competition 
for  an  opportunity  to  do  hard  work.  It  is  evidence  of  the  live 
condition  of  the  Institute,  and  of  its  capability  for  accomplishing 
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results.  To  my  mind  it  is  a  great  deal  better  both  for  the  In- 
stitute and  the  individual  oflSce  holder  that  the  latter  attain  his 
office  as  the  result  of  his  frankly  evidencing  his  desire  for  it,  and 
if  necessary  competing  for  it,  rather  than  under  the  fiction,  that 
no  one  believes,  which  would  make  it  appear  that  he  is  prevailed 
upon  to  accept  the  office  only  through  the  urging  of  his  friends. 

There  has  been  some  objection  to  the  circularizing  which 
has  sometimes  been  resorted  to  in  connection  with  the  election 
of  officers;  the  idea  being  that  it  were  better  if  the  nominations 
Vere  quietly  made,  by  a  selected  group  of  men,  and  the 
election  conducted  without  any  possibility  of  opposition.  In 
other  words,  that,  in  effect,  the  officers  of  the  Institute  should 
be  chosen  by  a  selected  few  instead  of  by  the  membership  at  large. 
I  have  even  less  patience  with  this  point  of  view  than  with  that 
just  cited.  To  put  a  ban  upon  circularizing  would  be  to  throw 
the  power  of  nominating  and  electing  into  the  hands  of  those  who 
might  be  in  position  to  control  these  functions  without  the 
necessity  of  circularizing,  by  virtue  of  their  ability  to  avail  them- 
selves of  organizations  outside  the  Institute,  or  by  their  control 
of  organized  cliques  within  the  Institute.  To  forbid  circularizing 
would  absolutely  tie  the  hands  of  those  independent  of  any  other 
organization,  or  of  any  clique,  and  would  tend  to  put  a  premium 
on  the  control  of  the  Institute  by  oligarchy. 

There  has  at  times  been  evidenced  a  tendency  to  elevate  to 
the  high  offices  of  the  Institute  men  who  have  done  little,  if  any, 
work  for  the  organization.  To  my  mind  this  not  only  works 
an  injustice  upon  those  who  have  given  the  Institute  their  best 
efforts,  but  is  against  the  best  interests  of  the  society  in  every 
way,  especially  if  the  individual's  chief  claim  to  prominence  arises 
from  activities  in  fields  other  than  that  of  electrical  engineering 
as  defined  by  the  Institute's  constitution.  One  of  the  incentives 
to  effort  on  the  part  of  the  individual  members  of  the  Institute 
is  that  of  the  possibility  of  recognition  of  such  effort  through 
appointment,  or  election,  to  some  official,  or  semi-official,  posi- 
tion. I  am  quite  aware  6i  the  fact  that  in  some  quarters  this  is 
not  admitted,  and  that  such  sentiments  as  this  are  taboo.  But 
to  convince  himself  that  the  statement  I  have  made  is  a  true  one, 
one  needs  only  to  ask  any  individual  who  has  labored  faithfully 
for  the  Institute,  whether  in  case  it  had  been  possible  for  him  to 
have  done  the  work  accomplished  without  the  remotest  chance 
of  his  name  ever  being  known  in  connection  with  the  results 
attained,  he  would  have  been  willing  to  labor  as  faithfully  for 


Digitized  by 


Google 


19131  MERSHON:  PRESIDENTS  ADDRESS  1269 

their  attainment.  In  almost  every  case,  if  not  every  case, 
an  honest  answer  will  compel  the  statement  that  he  would  not. 

It  is  the  young  man  starting  into  his  life  work  that  we  especially 
desire  to  attract  to  the  Institute.  Young  men  starting  the 
struggle  for  existence  have  scant  opportiuiity  for  devoting  them- 
selves to  things  other  than  those  which  will  immediately  forward 
their  interests.  Later  on,  when  a  certain  amount  of  success  has 
been  achieved,  they  may  indulge  in  the  luxury  of  altruism,  but 
until  such  measure  of  success  has  come  to  them  they  are 
neither  justified  in  indulging  in  the  kind  of  altruism  that 
unrequited  Institute  work  implies,  nor  are  they  willing  to  do  so. 
It  behooves  us,  therefore,  to  make  service  in  the  Institute  as 
attractive  to  them  as  possible,  and  to  this  end  we  should  so  guard 
the  offices  of  the  Institute,  elective  and  appointive,  that  they  may 
be  the  reward,  not  only  of  achievement  in  electrical  engineering, 
but  also  of  service  in  the  Institute.  That  the  membership  will 
feel  that  the  criterion  of  fitness  for  these  oflSces  shall  be  not  merely 
prominence,  however  great,  but  also  a  generous  measure  of  pre- 
vious effort  in  forwarding  the  interests  of  the  Institute  and  the 
principles  for  which  it  stands. 

Remarks  similar  to  those  I  have  made  in  regard  to  the  Insti- 
tute offices  will  apply  to  the  question  of  membership  in  the  In- 
stitute, and  preservation  of  the  highest  standard  for  the  various 
grades  laid  down  in  our  constitution.  In  discussing  the  eligi- 
bility of  candidates  for  membership  whose  qualifications  do  not 
seem  to  square  with  the  requirements  of  our  constitution,  but 
who  are  prominent  in  some  lines  other  than  those  covered  by 
oiu*  constitutional  requirements,  those  favoring  the  candidate 
often  make  statements  as  to  his  great  ability  and  express  their 
belief  based  thereon  that  he  is  entitled  to  membership.  These 
people  lose  sight  of  the  fact  that  the  requirements  for  membership 
in  the  Institute  are  not  a  question  of  the  opinion  or  belief  of  any 
individual.  They  lose  sight  of  the  fact  that  the  requirements  for 
membership  have  been  agreed  upon  by  the  members  of  the 
Institute  and  are  laid  down  in  the  constitution.  The  only 
opportunity,  therefore,  for  opinion  or  judgment  is  as  to  whether 
the  candidate  meets  these  constitutional  requirements.  If  the 
constitutional  requirements  are  not  what  they  should  be,  and  if 
the  membership  comes  to  the  conclusion  that  they  should  be 
other  than  they  are,  then  they  should  be  changed;  but  so  long  as 
they  stand,  they,  and  only  they,  should  be  the  standard  by  which 
to  measure  eligibility. 
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I  quite  realize  the  fact  that  from  the  point  of  view  of  a  few 
some  of  the  things  I  have  said  not  only  are  unorthodox,  but 
border  on  heresy.  I  believe,  however,  that  my  views  will  be 
concurred  in  by  a  large  majority  of  the  membership.  If  they 
are  not,  then  I  cannot  expect  them  to  be  of  any  effect  or  influence. 
If  they  are,  I  sincerely  hope  they  may  have  an  influence  on  the 
future  course  of  Institute  affairs. 
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A     SUGGESTION     FOR     THE     ENGINEERING 
PROFESSION 

BY  WILLIAM  MCCLELLAN 


The  engineer  of  today  traces  his  ancestry  along  two  distinct 
lines,  one  practical,  the  other  theoretical.  In  times  past  what  we 
call  engineering  was  done  either  by  a  skilled  mechanic  or  by  a 
scientist  having  a  practical  bent.  As  the  demand  became  more 
and  more  complex,  and  as  science  opened  up  wider  and  wider 
fields  of  knowledge,  the  mechanic  became  more  and  more  skilled 
in  certain  ways  and  some  scientists  became  more  and  more 
practical.  The  merging  of  these  formed  a  group  of  workers, 
having  common  aims  and  now  known  as  engineers. 

The  skilled  mechanic,  however,  from  the  standpoint  of 
quantity,  was  by  far  the  larger  element.  One  need  go  back  only 
to  pioneer  or  colonial  days  to  learn  that  practically  all  of  the 
engineering,  as  we  know  it,  was  done  by  the  surveyor,  the  mill- 
wright, the  master  carpenter,  the  master  mason,  the  smith,  and 
others.  Even  now,-  many  a  smith  claims  to  be  able  to  forge 
without  plans,  a  hook  equal  to  any  that  a  mechanical  engineer  can 
design,  and  many  a  country  carpenter  will  frame  quite  complex 
roofs  of  a  variety  of  types,  all  *'  out  of  his  head.*' 

Passing  quickly  over  many  interesting  details,  we  find  that 
more  or  less  on  account  of  their  industrial  lineage,  engineers  are 
divided  into  classes.  Once  there  were  two  of  these,  civil  and 
military.  Later,  starting  with  the  multiplication  of  engines  and 
machines,  the  civil  class  divided  up  into  the  almost  innumerable 
varieties  of  engineers  which  it  is  imnecessary  to  list  here — ^if  we 
could. 

As  a  result,  while  there  are  many  men  of  great  breadth  of 
mind  and  experience  worthy  of  the  title  of  "  engineer,"  there 

Digitized  by  LjOOQIC 


1272  McCLELLAN:  ENGINEERING  PROFESSION     [June  24 

is  no  one  who  can  claim  it  in  the  same  way  that  lawyers  and 
doctors  can  claim  their  titles.  There  are  engineering  professions, 
but  there  is  no  one  profession.  There  are  engineering  degrees, 
but  there  is  no  one  engineering  degree.  There  is  no  engineer 
without  an  adjective.  It  must  be  acknowledged  that  there  is 
some  truth  in  the  charge  of  **  lack  of  breadth,"  considering  the 
whole  body  of  engineers.  It  is  also  curious  that  in  medicine  and 
law  the  students  leave  school  all  with  the  same  general  training 
and  degree,  but  specialize  afterwards,  whereas  in  engineering 
they  are  specialists  at  school. 

So  far  as  individual  activity  is  concerned,  engineers  are  of 
different  types  in  the  same  way  that  lawyers  and  doctors  are, 
but  to  a  greater  degree  of  demarcation.  Today  all  the  ntunerous 
classes  of  engineers  contain  three  distinct  types  of  members: 

First,  the  theoretical  engineer,  who  in  reality  is  not  an  engi- 
neer. He  is,  and  it  wotild  be  proper  to  call  him,  an  applied 
scientist.  Many  of  the  engineers  in  otir  great  electrical  manufac- 
turing companies  are  in  this  class. 

Second,  the  mere  manual  and  mental  operative,  the  hewer  of 
wood  and  drawer  of  water  in  the  engineering  world. 

Third,  the  real  engineer  who  can  design  and  create,  who  can 
adapt  the  resources  of  nature  efficiently  to  the  service  of  man. 

In  passing,  it  may  be  remarked  that  the  presence  of  these  three 
types  in  each  class  of  engineers  is  the  chief  difficulty  in  arranging 
proper  courses  in  engineering  education. 

The  intensely  practical  result  of  all  these  causes  is  that  engineer- 
ing is  not  securely  established  as  a  profession;  it  is  difficult 
for  the  engineers  of  the  country  to  act  as  a  unit  where  united 
action  would  be  of  benefit  to  society;  the  engineer  is  handicapped 
in  obtaining  recognition  and  authority  when  working  jointly  with 
men  of  other  callings  and  professions;  and  finally,  on  accountof 
its  divisions,  the  development  of  the  profession  as  a  whole  is 
proceeding  slowly  and  inefficiently,  restilting  in  an  economic  loss 
to  society. 

Many  will  remember  how  often  within  the  last  few  years  a 
demonstration  or  recommendations  by  a  united  engineering 
profession  wotdd  have  been  valuable.  Society  needs  such  help 
in  connection  with  conservation  discussion,  appointments  of  the 
many  municipal,  state  and  national  commissions  involving  engi- 
neering in  some  form,  opposition  to  ill-advised  or  vicious  laws, 
methods  of  conducting  public  work,  and  a  variety  of  other 
similar  matters. 
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When  unity  is  so  desirable  or  even  necessary,  a  great  effort  is 
worth  while  to  obtain  it,  but  the  question  is,  how? 

We  might  turn  to  the  colleges  and  technical  schools.  I  have 
suggested  before,  and  long  to  see  the  time,  that  some  prominent 
school  shall  offer  the  degree  of  Bachelor  of  Engineering,  and  give 
all  such  students  the  same  general  course  with  a  very  small  per- 
centage of  special  electives.  The  schools  are  moving  in  this 
direction  and  we  should  have  great  faith  in  them.  Of  necessity 
the  progress  is  slow  and  will  not  answer  immediate  needs.  If 
revolutionary  changes  were  possible  at  once,  the  effect  would  not 
be  seriously  felt  for  years.  The  schoolmen  must  be  given  time 
to  work  out  their  plans.  Outside  engineers  may  occasionally 
offer  valuable  suggestions  but  they  are  much  less  able  to  attack  the 
problem  than  those  whose  business  is  to  study  it  at  dose  range. 

If  custom  were  followed,  where  it  is  desirable  to  get  united 
action  in  some  one  direction,  a  great  national  society  of  engineers 
would  be  organized  to  which  all  properly  qualified  engineers 
wotild  be  eligible,  irrespective  of  their  adjectives.  Many  men 
have  thought  of  this,  but  for  a  number  of  reasons  it  is  not  practic- 
able. There  are  a  large  number  of  **  adjectival  "  societies  now, 
to  which  great  ntmibers  of  engineers  have  given  their  allegiance. 
No  one  society  could  be  formed  without  having  at  least  four  sec- 
tions equal  in  importance  and  influence  to  the  four  great  national 
organizations. 

One  of  the  four  principal  societies  having  an  honorable  and 
distinguished  history  claims  to  be  such  a  general  society,  and  its 
constitution  provides  for  the  admission  of  any  engineer  having 
sufficient  proficiency  in  his  line.  The  claim  to  the  title  can  be 
only  nominally  upheld,  however,  because  the  connotation  of 
"  civil  "  engineer  today  is  so  well  known  to  everyone  that  it  is 
not  even  necessary  to  discuss  it. 

What  then  can  be  done?  Unity  we  need  badly — ^xmity  we 
ought  to  have.  I  have  sometimes  thought  that  if  a  great  organiz- 
ing genius,  such  as  is  discovered  occasionally  in  the  industrial 
world,  were  to  undertake  the  problem,  he  might  build  a  merger 
out  of  or  on  top  of  the  present  organizations,  which  would  leave 
them  organically  intact,  but  provide  for  united  action  in  general 
fields.  Engineering  might  have  a  federal  government.  It  is  to 
be  feared,  however,  that  the  time  is  not  ripe.  Nevertheless  there 
is  every  reason  why  we  should  work  toward  such  an  ideal,  and  the 
followii^  suggestion  is  offered.  To  make  it  perfectly  dear,  some 
details  must  be  given,  but  there  is  no  insistence  on  these  as  es- 
sentials, though  some  of  them  probably  would  be.    The  sugges-  Ar> 
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tion  is  to  form  a  national  body,  representative  in  its  membership, 
of  all  national  engineering  societies.  All  trade  and  business  or- 
ganizations to  be  excluded.  The  content  of  the  suggestion  can  be 
most  easily  given  by  a  skeleton  constitution  as  follows: 

Name.    American  Engineering  Association. 

Object,  To  assist  in  the  realization  of  the  ideals  of  the  engineer- 
ing profession  and  to  extend  the  useftilness  of  the  professional 
engineer  as  a  servant  of  the  community. 

Membership,  Any  national  society  of  professional  engineers, 
with  or  without  associated  grades  of  membership,  to  be  eligible. 
No  personal  membership.  Member  societies  to  elect  representa- 
tives annually  on  a  ntunerical  basis,  e,g,,  one  representative  for 
3000  members  or  less,  and  one  representative  for  each  additional 
1000  members.  Representatives  to  have  terms  of  three  years 
and  to  be  ineligible  for  re-election.  Terms  to  be  arranged  in  rota- 
tion groups.    Officers  to  be  elected  by  representatives  annually. 

Support,  To  be  by  annual  assessment  of  member  societies  on 
per  capita  basis. 

Functions.  To  arrange  an  annual  convention  of  engineers  for 
discussion  of  engineering  in  general,  of  the  engineering  profes- 
sion, and  of  any  related  subjects,  except  scientific  and  technical 
subjects  such  as  would  naturally  and  properly  come  before  meet- 
ings of  member  societies. 

To  hold  not  less  tKan  two  other  meetings  each  year  at  which  the 
objects  of  the  association  would  be  discussed  and  recommenda- 
tions forwarded  to  the  member  societies,  if  desirable. 

To  investigate  and  report  on,  with  recommendation,  any  sub- 
ject which  might  be  referred  to  it  by  a  member  society. 

To  appear  at  congressional,  legislative  or  other  hearings  where 
it  may  be  desirable,  for  the  purpose  of  assisting  in  a  proper  deci- 
sion of  questions  affecting  the  public  good. 

To  make  recommendations  at  any  time  to  public  officers  as 
to  policy  in  relation  to  matters  in  which  the  engineering  profes- 
sion may  be  interested  on  its  own  account  or  on  account  of  its 
share  in  responsibility  for  public  progress. 

As  the  title  states,  this  is  merely  a  suggestion  offered,  in  brief 
form,  to  provoke  discussion.  Everyone  will  probably  agree  that 
the  subject  is  a  most  serious  one  and  worthy  of  attention.  Should 
the  suggestion  be  received  favorably  it  could  be  referred  to  the 
Board  of  Directors.  No  attempt  should  be  made  to  carry  any 
such  scheme  into  effect  until  at  least  three  of  the  four  great  na 
tional  engineering  societies  could  endorse  the  final  plan. 
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Discussion  on  "A  Suggestion  for  the  Engineering  Pro- 
fession" (McClellan),  Cooperstown,  New  York,  June 
24, 1913. 

C.  O.  MaiUouz:  Mr.  Chairman  and  gentlemen,  I  regard 
this  paper  as  one  of  the  most  interesting  papers  that  has  been 
presented  to  the  Institute  for  some  time.  The  President  has 
said  that  this  is  the  method  of  raising  the  social  status  of  engineers. 
I  look  upon  it  as  fl  method,  because  I  think  there  are  many 
methods.  I  have  looked  forward  for  many  years  to  greater  co- 
operation among  engineers.  It  has  been  one  of  my  hobbies. 
There  has  been  a  tendency  among  engineers  to  segregation;  the 
different  bodies  have  tended  to  undergo  a  process  of  evolution 
in  different  directions,  in  many  respects,  in  regard  to  their 
points  of  view,  and  their  attitude  towards  public  questions, 
and  also  even  in  regard  to  their  ethics  and  their  methods  of 
professional  discipline  and  conduct.  Many  engineers  in  the 
different  branches  of  engineering  realize  this,  and  they  also 
realize  the  importance  of  doing  something  to  improve  con- 
ditions; and  various  remedies  to  overcome  the  conditions  that 
now  exist  have  been  proposed. 

The  American  Institute  of  Consulting  Engineers,  which  has 
recently  come  into  some  prominence,  has  attempted  to  bring 
together  the  different  branches  of  the  engineering  profession 
into  a  body  that  will  work  for  the  profession  of  engineering  in 
general.  That  body  is  interested  more  specifically  in  the  wel- 
fare of  consulting  engineers,  which  is  well  enough,  as  far  as  it 
goes,  but  is,  perhaps,  not  as  good  as  it  might  be  if  it  were  suffi- 
ciently comprehensive  to  include  engineers  of  all  types,  for 
there  are  many  prominent  and  eminent  engineers  who  are  not 
consulting  engineers,  and  can  not  be  properly  classed  as  such. 
I  think  the  suggestion  of  Dr.  McClellan  is  a  very  good  one  in- 
deed. In  the  way  he  has  formulated  it,  it  is  very  excellent,  but 
I  am  not  so  severe  as  he  is  inclined  to  be  as  to  the  means  of  carry- 
ing it  out.  I  tlunk  the  matter  should  be  carried  out  by  the 
Institute.  It  has  been  the  pioneer  of  progress  in  the  development 
of  many  good  ideas  in  this  branch  of  engineering,  and  in  other 
branches  of  engineering,  generally. 

We  have  inaugurated  the  Section  movement,  which  is  being 
taken  up  by  other  branches  of  the  engineering  profession,  and 
I  do  not  see  why  this  body  should  not  be  the  fostering  spirit  of 
a  movement  of  this  kind,  looking  to  cooperation  among  the 
different  branches  of  the  engineering  profession. 

I  would  like  to  make  a  motion  that  this  matter  be  referred  to 
the  Board  of  Directors,  as  I  consider  it  well  worth  the  closest 
attention  of  the  Board  of  Directors;  and  it  should  serve  as  the 
basis  of  a  thorough  study  and  investigation  of  the  question,  the 
Board  of  Directors  to  be  given  full  power  in  the  matter,  and  to 
indicate  to  the  membership  its  conclusions  in  due  course. 

Oberlin  Smith:  As  a  long-time  member  of  aU  four  of 
the  big  engineering  societies,  I  feel  that  perhaps  I  can  speak  on 
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this  subject  impartially,  although  I  happen  to  be  more  closely 
related  with  the  mechanical  engineering  branch  than  any  other. . 

For  many  years  past  progressive  engineers  have  hoped  for  a 
tmited  engineering  society  of  some  kind.  The  movement  was 
brought  up  some  time  ago,  before  the  Engineering  Societies 
Building  in  New  York  City  was  constructed,  and  the  plan  freely 
discussed,  but  with  some  of  the  societies  there  was  too  much  of 
a  clannish  spirit  to  permit  full  and  complete  cooperation;  hence 
nothing  practical  was  done  at  that  time.  When,  however,  Mr. 
Carnegie  gave  us  the  building  on  39th  Street,  many  of  us  hoped 
that  all  four  societies  would  come  in.  The  fact  that  one  of  the 
societies  remained  out  was  a  great  disappointment,  but  I  know 
that  many  members  of  the  American  Society  of  Civil  Engineers 
much  regret  the  separation.  Last  week  at  a  convention  of  the 
Society  in  C)ttawa,this  feeling  was  brought  out  strongly  and  there 
was  some  manifestation  of  the  spirit  which  has  been  shown  in 
this  splendid  paper  of  Dr.  McClellan's.  The  new  president, 
Prof.  Swain,  of  Harvard,  gave  us  a  most  effective  and  interest- 
ing address.  There  were  some  things  in  it  which  seemed  to  be 
too  conservative,  yet  he  took  a  broad  view  of  the  subject,  and 
regret  was  expressed  that  the  various  societies  had  not  aU  gotten 
together  before.  At  the  meeting,  however,  there  was  in  evi- 
dence some  of  the  old  idea  that  civil  engineers  were  most  im- 
portant, because  they  covered  all  the  ground  outside  of  military 
engineering. 

It  seems  to  me  that  we  all  might  get  nearer  together  by  mix- 
ing, so  to  speak,  the  coimcils  of  the  different  societies.  Some 
members  of  the  Mechanical  Engineers  who  are  also  members  of  the 
Electrical  Engineers  should  be  in  the  Coimcil  of  the  Electricals, 
and  vice  versa;  and  this  system  of  mixing  of  interests  would 
certainly  tend  towards  greater  unity  and  efficiency. 

Thus  in  the  Coimcil  of  each  Society,  there  would  be  a  few  of  the 
best-known  and  most  fit  members  of  each  of  the  other  so- 
cieties. 

There  have,  so  far,  been  but  few  electrical,  mechanical,  or 
mining  engineers  represented  on  the  Coimcil  of  the  American 
Society  of  Civil  Engineers.  I  do  not  remember  whether  there 
are  any  now.  Under  such  conditions  a  society  can  hardly  claim 
to  be  at  the  head  of  all  engineering  activities. 

I  think,  however,  that  the  feeling  is  growing  all  the  time, 
among  the  members  of  the  various  societies,  that  there  should 
be  a  greater  coming  together,  but  they  are  not  limited  to  the 
four  old  organizations  above  mentioned. 

We  have  among  them  an  important  society,  the  Naval  Ar- 
chitects and  Marine  Engineers;  and  we  have  numerous  smaller 
societies,  like  the  Society  for  Testing  Materials,  the  Society  for 
Engineering  Education,  the  Illuminating  Engineering  Society, 
and  similar  organizations.  We  are  one  family  subdivided 
into  smaller  branches.  Of  course,  there  are  all  kinds  of  special- 
ties in  engineering,  just  as  there  are  in  other  professions.     Spec- 
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ialization  is  increasing  all  the  time,  and  must  be  expected.  No 
one  man  can  acquire  thoroughly  all  engineering  knowledge. 
If  he  knows  his  own  specialty  well,  and  knows  about  other  things 
in  only  a  general  way,  he  will  be  likely  to  make  a  successful  engi- 
neer. 

I  thoroughly  agree  with  Dr.  McClellan's  idea  that  we  should 
make  some  beginning  and  start  in  to  organize  a  United  Engi- 
neering Society.  It  would  probably  be  impracticable  to  make 
the  membership  of  individuals,  but  it  could  be  made  up  of  other 
organizations,  as  suggested.  There  is  no  reason  why  it  should 
not  be  a  unit  by  itself  and  have  its  complete  individual  organ- 
ization, with  its  own  separate  meetings.  Not  only  could  such 
a  society  handle  the  matter  of  ethics,  which  has  been  so  well 
taken  care  of  by  this  society,  but  it  could  make  suggestions  for 
better  laws  and  better  government  in  all  sorts  of  ways;  and  it 
would  have  a  broad  influence,  scientific,  economic,  moral  and 
social,  which  engineers  do  not  now  possess.  We  could  exert 
our  influence  in  a  powerful  way  by  united  strength,  rather  than 
individually,  as  we  now  do.  I  look  forward  to  such  a  movement 
being  a  wonderful  success. 

Chios.  L.  Clarke:  Dr.  McClellan  seems  to  be  in  doubt  as 
to  whether  the  time  is  ripe  for  an  organization  of  this  sort.  Un- 
doubtedly the  time  is  here,  and  we  ought  to  see  such  an  organ- 
ization founded  before  long.  The  danger  that  it  might  interfere 
with  the  so-called  clannishness  of  the  member  societies,  is  hardly 
possible,  because  the  plan  does  not  propose  interference  in  any 
way  with  the  technical  business  or  other  individual  matters  of 
such  societies,  but  only  contemplates  fostering  national  and  broad 
policies  affecting  the  body  politic  in  general,  as  far  as  engineers 
can  help  to  do  so,  as  men  of  education  and  of  technical  judgment. 

Dr.  McClellan  has  invited  suggestions  on  two  points.  The 
speaker  has  one  suggestion  to  make  with  reference  to  the  name 
of  the  society.  According  to  the  suggestion  in  the  paper  of 
Dr.  McClellan,  it  is  to  be  called  the  American  Engineering 
Association.  The  speaker  proposes  that  it  be  called  the  American 
Association  of  National  Engineering  Societies,  which  title  seems 
to  explain  as  briefly  as  possible  what  the  Association  is  in  fact, 
and  is  calculated  favorably  to  attract  attention  of  Congressmen 
when  receiving  a  communication  relative  to  pending  legislation 
sent  to  them  by  this  proposed  Association,  for  they  will  see  just 
what  it  stands  for  and  comprehend  the  situation  from  its  name, 
especially  if  coupled  with  a  list  of  its  members. 

D.  B.  Rushmore:  We  received  a  great  deal  of  inspiration 
from  the  Address  of  the  President  this  morning,  and  we  have 
also  been  greatly  impressed  by  the  suggestions  made  by  Dr. 
McClellan  in  his  paper,  and  these  things  together  lead  me  to 
believe  that  there  is  very  great  necessity  now  for  some  one 
to  take  these  ideas  and  reduce  them  to  general  principles,  so 
that  the  best  results  from  codperative  effort  may  be  secured 
therefrom.    However,  I  am  afraid  that  we  are  getting  into  a 
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condition  of  over-organization  all  over  the  country.  If  we  take 
our  political  life,  our  industrial  life,  our  social  life,  and  our  pro- 
fessional life,  we  will  find  that  we  belong  to  a  great  many  more 
organizations  than  we  can  take  an  active  part  in. 

Here  we  have  a  very  interesting  proposition  brought  forth, 
and  the  question  arises:  What  is  its  practical  value?  Can  we 
express  in  general  terms  this  particular  hope  we  wish  to  accom- 
plish? To  a  person  who  has  had  to  work  in  a  large  organization, 
and  possibly  not  especially  fitted  to  adapt  himself  to  others,  it 
has  been  necessary  many  times  to  think —  Why  an  individual? 
Why  a  department?  Why  an  organization?  And  what  is  it. 
trying  to  do?  All  over  the  country  you  see  rising  up  industrial 
organizations,  political  organizations,  and  agricultural  organ- 
izations. In  the  agricultural  organizations  an  interesting  devel- 
opment is  taking  place.  In  these  organizations  a  differen- 
tiation is  being  made  between  those  things  most  efficiently  done 
by  individuals  and  those  best  accomplished  by  cooperative  effort. 
They  are  being  organized  from  beneath  upward,  the  individual 
action  extending  as  far  as  eflicient  results  justify  it,  and  further 
on  cooperative  effort  is  substituted,  with  the  most  beneficial 
results  for  all  concerned. 

In  our  field  of  engineering  activities  we  have  a  large  number  of 
small  societies,  all  actively  engaged  in  fields  of  special  effort. 
A  similar  result  could  be  accomplished  by  joining  all  of  these  in 
one  large  holding  company,  and  instead  of  separate  entities, 
having  them  as  members  of  one  large  whole.  It  is,  however,  a 
question,  and  a  serious  one,  as  to  which  method  of  organization 
will  produce  the  better  results. 

It  is  absolutely  essential  for  the  future  welfare  of  the  engineer 
that  he  should  not  allow  himself  to  be  pushed  into  the  field  of  an 
exclusively  pure  scientist,  but  that  he  demand  that  his  work 
include  the  consideration  of  money  expenditures,  which  factor 
is  one  of  the  basic  principles  of  engineering  practise. 

The  standing  of  the  engineering  organizations  and  their  value 
to  their  membership  will  depend  upon  the  part  which  these 
organizations  play  in  the  field  of  industrial,  social  and  political 
activity.  It  is  most  important  that  an  unrelenting  fight  be 
waged  against  the  licensing  of  engineers  by  the  State.  We  should 
insist  that  the  membership  rank  of  the  engineering  societies 
be  accepted  as  the  means  by  which  the  standing  of  an  engineer 
in  his  own  profession  shall  be  judged.  This  means  that  consider- 
able revision  must  be  made  of  the  grades  of  membership  and  the 
requirements  for  admission  to  such  society. 

Dr.  McClellan's  suggestion  has  much  of  value  and  is  of  in- 
terest to  all  engineering  societies.  It  is  worthy  of  much  con- 
sideration, but  it  is  suggested  that  it  receive  the  benefit  of  all 
possible  criticism  before  we  organize  another  society. 

C.L.  deMuralt:  I  am  very  much  pleased  with  Dr.  McClel- 
lan's  paper,  and  heartily  endorse  what  Mr.  Mailloux  has  hinted 
at,  namely,  that  it  is  just  about  the  right  time  to  have  this  sug- 
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gestion  made.  Dr.  McClellan  has  put  it  in  very  good  form, 
even  down  to  the  details. 

If  I  say  anything  at  all,  it  is  because  I  desire  to  make  an  ad- 
ditional suggestion:  Why  is  it  necessary  to  add  to  the  many 
existing  societies  a  new  one?  Why  can  we  not  use  one  which 
is  already  in  existence? 

The  American  Society  of  Civil  Engineers  is  unfortunate  in 
that  its  name,  according  to  present  usage,  seems  to  cover  one 
branch  of  the  engineering  profession  only.  That  is  not  so. 
Many  of  us  are  members  of  the  Americal  Society  of  Civil  Engi- 
neers, and  the  American  Society  of  Civil  Engineers  has  always 
taken  the  view  that  it  is  the  old  mother  society  which  represents 
all  engineers  in  this  coimtry.  Why  should  we  not  approach  the 
American  Society  of  Civil  Engineers  through  our  Directors, 
perhaps  in  cooperation  with  the  American  Society  of  Mechan- 
ical Engineers,  the  Society  of  Naval  Architects  and  Marine 
Engineers,  the  American  Institute  of  Mining  Engineers,  and  sim- 
ilar bodies,  and  discuss  with  them  this  proposition  which  Dr. 
McClellan  has  made. 

I  am  not  authorized  to  speak  for  the  American  Society  of  Civil 
Engineers,  but  many  of  the  members  of  that  Society  have  told 
me  they  would  like  to  have  the  support  of  the  individual  engi- 
neering societies.  I  have  no  doubt  they  would  listen  to  any 
reasonable  suggestion  of  having  the  individual  societies  come  in 
with  them  on  some  broad  basis.  This  could  either  be  done  as  Dr. 
McClellan's  paper  suggests,  through  a  lump  sum  payment  from 
each  society  or  else  by  allowing  the  individual  members,  if  they 
want  to  join  the  American  Society  of  Civil  Engineers,  to  obtain 
membership  by  paying  some  agreed-upon  additional  fee.  I 
think  that  along  these  lines  something  of  real  practical  value 
could  be  accomplished  in  the  direction  of  Dr.  McClellan 's  sug- 
gestion. 

C.  O.  Maillouz:  I  want  to  say  a  word  on  this  question 
of  the  role  or  function  which  the  American  Society  of  Civil 
Engineers  might  have  played.  The  American  Society  of  Civil 
Engineers  had  the  opportunity  to  lead  all  the  engineering  societies 
of  this  coimtry,  but  lost  that  opportunity  thirty  or  forty  years 
ago,  and  it  is  too  late  to  go  back  to  it.  The  suggestion  which 
Mr.  de  Miu^alt  made  would  meet  with  enormous  opposition  in 
the  minds  of  a  few  fossilized  civil  engineers  who  believe  in  the 
lion  and  the  lamb  lying  down  together,  provided  the  lamb  is 
inside  of  the  lion.  When  the  lion  has  become  a  small  thing, 
dwarfed,  in  comparison  with  the  lamb,  the  suggestion  is  prepos- 
terous. I  am  second  to  none  in  my  respect  for  ideals  in  engineer- 
ing, and  I  think  I  have  done  my  share  in  the  work  of  raising  the 
ideals  of  engineering.  I  know  we  cannot  accomplish  the  objects 
which  Dr.  McClellan  seeks  to  accomplish  by  proceeding  along 
that  line,  for  the  reason  that  the  very  things  he  seeks  to  have  done, 
namely,  the  pursuit  of  ideals,  the  participation  of  the  engineering 
profession  in  the  consideration  and  determination  of  public  j 
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questions,  are  notoriously  the  very  things  which  the  American 
Society  of  Civil  Engineers  has  always  dodged  and  kept  away 
from,  and  on  which  it  has  been  afraid  to  hold  distinct  and  pro- 
nounced opinions. 

C.  L.  de  Muralt:  That,  of  course,  is  an  individual  opinion. 
It  may  be  shared  by  many  here,  but  I  do  not  quite  see  why  my 
proposition  is  necessarily  ridiculous  and  preposterous.  The 
American  Society  of  Civil  Engineers  might  have  had  some 
fossilized  members  thirty  or  forty  years  ago — I  was  not  an  engi- 
neer at  that  time — ^but  it  does  not  seem  to  me  fair  to  cast  reflec- 
tions upon  the  present  membership  of  that  Society  on  the  basis 
of  what  happened  thirty  or  forty  years  ago.  I  know,  as  a  pos- 
itive fact,  that  those  who  are  now  managing  that  Society  are 
not  fossilized  and  I  have  reason  to  believe  that  they  are  very 
much  in  favor  of  such  a  movement.  They  shotdd  be  approached 
to  find  out  if  it  is  not  possible  to  carry  out  Dr.  McClelkm's  idea, 
without  starting  a  new  and  unnecessary  society. 

Oberlin  Smith:  The  American  Society  of  Civil  Engineers 
was,  I  think,  the  first  engineering  society  of  consequence 
established  in  this  country.  I  have  great  respect  for  it  as  a 
body,  but  it  constitutes  only  one  branch  of  the  profession. 
Applied  to  their  branch  only,  the  term  "Civil  Engineers"  is  a 
misnomer,  and  does  not  mean  anything,  because  most  of  the  rest 
of  us  are  also  "civil".  The  term  was  of  course  used  in  contra- 
distinction to  the  term  "military  engineers,"  and  was  applied  to 
all  engineers  other  than  those  engaged  in  nulitary  work.  Al- 
though not  logical  as  at  present  used,  it  probably  will  remain 
with  us,  but  it  cannot  be  a  comprehensive  name  for  a  united 
society.  If  we  have  a  new  society,  we  shotild  not  call  it  "The 
American  League  of  National  Engineering  Societies."  We 
rarely  could  spend  the  time  to  pronounce  the  whole  name,  but 
would  call  it  by  its  initials.  Witness  the  sad  case  of  the  Amer- 
ican Society  for  the  Prevention  of  Cruelty  to  Animals;  we  always 
call  that  the  A.  S.  P.  C.  A.  and  then  have  to  think  it  out.  There 
is  a  great  advantage  in  having  a  short  name  for  a  society  or  other 
organization  so  that  people  will  be  able  quickly  to  remember  what 
the  initials  stand  for.  We  should  have  "American  Engineering 
League,"  or  some  such  name,  the  shortest  that  we  can  get.  If  a 
Congressman  or  such  should  not  know  what  A.  E.  L.  stood  for, 
we  could  have  the  full  name  presented  for  his  notice,  far  better 
than  we  cotdd  a  very  lengthy  one. 

D.  C.  Jackson:  This  paper  has  much  of  suggestiveness  in 
it,  and  it  proposes  one  of  those  things  which  ought  to  be  put 
into  execution.  It  is  one  of  those  things  which  has  been  dis- 
cussed year  after  year  for  a  long  period  of  time.  I  hope  that  Dr. 
McClellan's  entry  into  the  lists  will  result  in  the  accomplishment 
of  the  purpose.  I  am  with  him  thoroughly,  but  I  want  to  crit- 
icize his  paper  in  a  small  way. 

We  generally  recognize,  I  think,  that  the  old  definition  that 
''nnes  down  from  Treidgold,  that  "Engineering  is  the  directingyof 
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the  forces  of  nature  to  the  use  and  convenience  of  man,"  is  a 
correct  definition  and  sufficiently  ample  and  comprehensive  of 
all  modem  engineering  practises  of  today.  If  it  is  a  correct 
definition  of  engineering,  then  what  are  engineers?  I  have  put 
the  definition  of  engineers  as  "Those  who  are  competent  to  con- 
ceive, devise  and  organize  the  directing  of  the  forces  of  nature 
to  the  use  and  convenience  of  man."  If  that  definition  is  correct, 
then  it  is  not  quite  fair  to  our  profession  to  eliminate  therefrom 
(as  Dr.  McClellan's  classification  purports  to  do)  some  of 
the  men  who  are  working  distinctly  on  the  scientific  aspects 
of  engineering  and  doing  little  towards  direction  and  execution. 
We  must  include  within  the  profession  those  men  who  are  scien- 
tists primarily,  and  engineers  secondarily,  or  vice  versa.  We 
must  also  to  some  degree  go  over  to  the  other  side  and  include 
some  men  who  are  executives  and  administrators  of  engineering 
enterprises,  and  also  men  of  engineering  ideals  and  views  although 
their  active  work  may  be  done  in  the  laboratory  or  school; 
in  other  words,  we  must  make  our  definitions  and  otu"  ideals  of 
the  profession  as  comprehensive  as  may  be  necessary  to  take  in 
fiJl  these  men.  This  is  scarcely  a  criticism  of  Dr.  McClellan's 
admirable  paper,  but  a  suggestion  of  the  way  in  which  his  pro- 
posed classification  should  be  modified. 
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TEST  OF  AN  ARTIFICIAL  AERIAL  TELEPHONE  LINE 
AT  A  FREQUENCY  OF  750  CYCLES  PER  SECOND 


BY   A.    B.    KENNELLY   AND   P.    W.    LIEBERKNECHT 


It  is  the  piirpose  of  this  paper  to  describe  in  detail  a  series  of 
measurements  of  voltage  and  current  made,  in  February,  1913, 
over  an  artificial  telephone  line  800  km.  (nearly  500  miles)  long. 
Although  it  is  possible  to  compute  the  behavior  of  such  a  line 
when  its  electrical  constants  are  known,  yet  this  is  the  first  time, 
so  far  as  the  authors  are  aware,  that  an  artificial  aerial  line  has 
been  measured  both  as  to  amplitude  and  phase  of  voltage  and 
current,  with  less  than  2  volts  of  750  cycles-per-second  frequency 
impressed  at  the  sending  end. 

The  artificial  line  used  in  these  measurements  is  the  one 
permanently  installed  in  the  Graduate  School  of  Applied  Science 
at  Harvard  University,  and  described  in  our  paper  before  the 
Boston  Convention  of  the  A.  I.  E.  E.  last  year,  in  relation  to 
a-c.  power-transmission.*  In  order  to  convert  this  artificial 
Une,  originally  designed  as  a  power-transmission  line,  into  an 
aerial  telephone  line,  small  non-inductive  resistances  were  uni- 
formly inserted  in  the  line,  one  to  each  section.'  These  resist- 
ances added  100  ohms  per  section  of  80  km.,  or  increased  the 
nominal  linear  resistance  from  about  0.3  ohm  per  wire-km., 

1.  Measurements  of  Voltage  and  Current  over  a  Long  Artificial  Power" 
Transmission  Line  at  25  and  60  Cycles  per  Second,  by  A.  £.  Kennelly  and 
P.  W.  Lieberknecht.    Trans.  A.  I.  E.  E.,  Vol.  XXI,  p.  1131. 

2.  These  resistances  were  made  of  about  6  meters  of  No.  32A.  W.G. 
la-Ia  (0.2  mm.  0.008  inch  bare  diam.)  double-cotton  covered  resist- 
ance wire,  and  were  wound  non-inductively  on  fiber  strips  8  cm.  long, 
2.5  cm.  wide,  and  0.3  cm.  thick,  soldered  to  terminals  on  the  same,  and 
covered  in  solid  paraffin  wax.  These  resistances  carry  0. 5  ampere  with- 
out serious  heating. 
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(0.48  ohm  per  wire-mile),  to  about  1.55  ohms  per  wire-km. 
(2.5  ohms  per  wire-mile),  corresponding  approximately  to  one 
of  a  pair  of  copper  overhead  telephone  wires  of  copper  3.75 
mm.  (148  mils)  in  diameter.  That  is,  one  and  the  same  artificial 
line  of  coils  and  condensers  can  be  made  to  serve  either  as  an 
artificial  aerial  power-transmission  line,  or  as  an  artificial  aerial 
telephone  line,  by  respectively  cutting  out  or  in  the  non-in- 
ductive resistance  attached  to  each  section,  thereby  changing 
the  line  for  low  frequencies  from  about  No.  OB.  &  S.  gage  (8.3 
mm.  0 .325  in.  diameter)  to  No.  7  B.  &  S.  gage  (3 .65  mm.  0 .  144 
in.  diameter).*  The  total  available  length  of  line  in  each  case  is 
2400  km.  (1491  miles),  only  800  km.  (497  miles)  being  employed 
in  the  tests  here  reported. 

For  the  constructive  details  of  the  line  reference  may  be  made 
to  our  paper  of  last  year  already  cited.*    It  may  suffice  to  say  at 


A  o-wA 

q^    \r    [T    h'    l^M/  M^?  ill    ijl    iji    M>-';u, 


c       ojonn  rj 

G  If  ijic  ijic  ilic   fcy  UMyili    li    it   ic'4 


E        ^ oMh 


I       gc       go       llle       tefeill        [JJ        III        I'^'iIg 


Fig.  1 — Diagram   of   Connections  of  Artificial  Line 

this  time  that  the  line  used  was  a  Il-line  of  ten  sections,  with 
ground  return,  the  connections  being  indicated  in  Fig.  1.  The 
constants  for  the  line  appear  in  Tables  I  and  II.  In  the  design 
and  construction  of  an  artificial  aerial  telephone  line  per  se,  not 
intended  to  serve  also  as  a  power-transmission  artificial  line,  it 
would  be  unnecessary  to  use  as  much  copper  as  in  the  artificial 
line  here  described.  It  would  also  be  desirable  to  subdivide  the 
inductance  and  capacity  into  smaller  but  more  numerous  sections 
for  frequencies  much  above  1000  cycles  per  second.     In  the  line 

3.  The  line  actually  behaved,  at  telephonic  frequency,  like  one  of  a 
pair  of  No.  9  A.  W.  G.  copper  wires  (2.9mm.,  0. 114  in.,diam.),  owing  to 
the  combined  influences  of  capacity  between  the  layers  of  the  coil  winding, 
and  the  lumpiness  of  the  line-section.    See  Table  VI. 

4.  See  also  an  article  "  Artificial  Power-Transmission  Line/'  by  A.  £. 
Kennelly  and  H.Tabossi,  Electrical  World,  New  York,  Feb.  17.  1912, 
giving  the  constructive  details  of  the  artificial  line. 
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here  described,  there  were  five  sections  per  actual  wave-length, 
at  760  cycles  per  second. 

It  will  be  observed  that  whereas  the  apparent  inductance  of 
the  artificial  line  is  the  same  at  both  telephonic  and  lighting 
frequencies,  the  apparent  leakance  is  more  than  ten  times 
greater  at  the  telephonic  frequency  while  the  apparent  resistance 
is  nearly  four  times  less,  and  the  apparent  capacitance  11.3 
per  cent  less.  In  other  words,  the  effect  of  increasing  the  testing 
frequency  on  the  artificial  line  from  60  to  760  cycles  per  second, 
is  to  change  all  the  constants  except  the  inductance.    Each  coil 


TABLE  I 
Blbctrical  Constants  of  Tbn-Section  Artificial  Link 

at  60- 

ResiBtanoe 

at  20*  cent. 

ohms 

Inductance 
henrys 

Capacitance 
microfarads 

QUCfOOft  u08 

Hyp.  angle 
hyps. 

Whole  Unc... 
Per  section.. 
Per  wire-km . 
Per  wire-mile 

1256 
125.6 
1.67 
2.63 

0.913 
0.0013 
l.U  X  io-» 
1.84  X1(H 

7.6 
0.76 

9.38  X  10-t 
16.1     XlO-i 

120 
1.2 
0.16 
0.24 

1.08/71«».6 
0.108 /71«. 5 
0.00136 /71'. 6 
0.00219 /71». 6 

TABLE  II 

Elbctrical  Constants  of  Artificial  Linb  at  760  -^ 

Apparent 

Apparent 
inductance 

Apparent 

Apparent 

Hyperbolic 

Surge 
impedance 

resistance 

at20'» 
cent,  ohms 

capacitance 

angle 

henrys 

microfarads 

micromhos 

Hyps.  /_ 

ohms/^ 

Whole 

Une.. 

330 

0.9136 

6.666 

1660 

12.94   n^'^.h 

466  ^fP 

Per    sec- 

tion. . . 

33 

0.0914 

0.6666 

166 

1.294 /79«. 6 

465  \rp 

Per  wire- 

km... 

0.413 

1.14  X10-* 

8.32  X  10-» 

2.075 

mile... 

0.666 

1.84  X10-» 

13.4  X  10-» 

3  34 

behaves  as  though  its  resistance  were  33  ohms  instead  of  125.6. 
Its  condensers  (paper  dielectric)  behave  as  though  their  capaci- 
tance had  fallen  11.3  per  cent  while  their  leakance  had  risen 
some  ten  times.  It  is  known  that  paper  condensers  are  subject 
to  such  changes  with  rise  of  frequency.*  The  great  apparent 
reduction  in  coil  resistance  can,  however,  only  be  attributed  to 
to  the  effect  of  the    lumpiness  of  the  artificial    line.      This 

6.  "  The  Capacity  and  Phase  Difference  of  ParaflBned  Paper  Conden* 
sers  as  Functions  of  Temperature  and  Frequency,"  by  Frederick  W. 
Grover,  Bulletin  of  the  Bureau  of  Standards,  Vol.  VII,  No.  4,  February 
28,  1911. 
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deduction  was  supported  by  tests  made  on  the  coils  alone,  at 
telephonic  frequency. 

Generator.  The  alternator  used  was  a  Cahill  multifrequency 
generator  employing  a  number  of  stator  armatures  side  by  side, 
with  internal  rotor  field  magnets  on  the  same  shaft,  giving 
respectively  2,  4,  8,  16,  32  and  64  cycles  per  revolution.  It  was 
directly  coupled  through  a  leather-strip  coupling  to  a  500-volt, 
four-kw.,  four-pole  direct-current  motor.  Each  of  the  component 
alternator  armatures  was  rated  at  about  500  watts  output. 
Only  two  of  the  armatures  were  used,  namely,  those  giving  2  and 
32  cycles  per  shaft  revolution.  When  running  at  1425  rev.  per 
min.  or  23.75  rev.  per  sec,  these  armattu-es  delivered  frequen- 
cies at  47 . 5  '^  and  TGO'^  respectively.  The  former  was  used 
to  supply  a  Frahm  vibrator  frequency  indicator,  and  the  latter 
for  the  test  of  the  artificial  line.  When  the  frequency  meter  in- 
dication was  steady  at  47.5  '^,  the  artificial-line  frequency  was 
known  to  be  760  '^.    By  leading  the  shunt-field  circuit  of  the 


8    IX     9     X      B 


i  n  n  fi  n 


Fig.  2 — Circuit   Connections   of  Artificial  Line 


driving  motor  into  the  artificial-line  room,  an  adjustable  field 
rheostat  in  this  room  enabled  the  driving-motor  speed  to  be  kept 
constant,  and  thus  also  the  alternator  frequencies. 

Frequency,  The  reason  for  selecting  760  cycles  per  second  for 
testing  the  artificial  telephone  line  was  that  this  is  near  to  the 
standard  telephone  frequency  of  5000  radians  per  second 
(795.8 '^)  which  has  been  accepted  internationally.  It  is  also 
known  to  be  near  to  the  fundamental  frequency  of  the  dia- 
phragms of  the  standard  receiving  telephone  used.* 

Circuit  Connections.  The  circuit  connections  of  the  artificial 
line  are  indicated  in  Fig.  2.  The  alternator  stator  armature  D 
delivered  40  volts  at  760  ^  in  the  testing  room.    A  step-down 

6.  *'  The  Impedance  of  Telephone  Receivers  as  Affected  by  the  Motion 
of  Their  Diaphragms,"  by  A.  E.  Kennelly  and  G.  W.  Pierce,  Proc.  Am. 
Ac.  of  Arts  and  Set.,  Vol.  XLVIII,  No.  6,  September,  1912,  p.  113;  also 
Electrical  World,  New  York,  September  14,  1912;  and  '*  The  Humming 
Telephone,"  by  A.  E.  Kennelly  and  W.  L.  Upson,  Proc.  Am.  Phil.  Soc, 
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transformer,  P  5,  lowered  the  voltage  to  about  1.75  volts  at 
secondary  terminals  G  Q,  The  adjustment  was  made  by  in- 
serting an  adjustable  reactance  X  in  the  primary  circuit, 
partly  for  the  purpose  of  reducing  upper  harmonics  in  the  wave 
of  secondary  voltage.  The  voltage  wave-form  was  somewhat 
peaked.  That  is,  a  symmetrical  third  harmonic  was  perceptible; 
but  no  analysis  of  the  wave  form  was  attempted.  The  secondary 
terminal  Q  was  connected  to  the  end  A  of  the  artificial  line 
through  a  non-inductive  resistance  R  of  100  ohms.  The  other 
secondary  terminal  G  was  connected  to  the  ground  return  of 
the  artificial  line,  and  was  also  carefully  grounded. 

Three  series  of  tests  were  made,  namely,  with  the  distant  end 
of  the  line  (1)  freed,  or  open,  (2)  grounded,  and  (3)  coimected 
to  ground  through  a  standard  subscriber's  set. 

The  third  condition  is  indicated  in  Fig.  2. 

Telephone  circuits  actually  employ  metallic  return,  and  not 
ground  return;  but  all  tests  on  ground-return  artificial  lines  are 
immediately  interpretable  on  metallic-return  or  loop  basis. 
These  tests  correspond  to  applying  3.5  volts  at  the  sending  end 
of  a  loop,  and  two  subscriber's  sets  in  series  at  the  receiving 
end. 

Method  op  Measurement  and  Apparatus  Used 

The  potential  and  current  along  the  line  in  the  steady  state 
were  measured  by  means  of  a'Drysdale  a-c.  potentiometer,  using 
a  Duddell  vibration  galvanometer.  The  Drysdale  instrument 
was  described  with  some  detail  in  our  A.  I.  E.  E.  paper  of  last 
year,  above-mentioned.  Since  the  potential  on  the  line  nowhere 
exceeded  1.8  volts,  the  potentiometer  was  able  to  read  the 
potential  at  any  jtmction  point  directly,  without  the  intervention 
of  a  multiplier  or  step-down  transformer.  In  order  to  find  the 
current  strength,  the  drop  of  potential  in  the  100-ohm  inserted 
section-resistances  was  measured. 

The  Duddell  vibration  galvanometer^  was  tuned  to  the  testing 
frequency  and  operated  with  the  aid  of  an  arc  lamp.  The  spot 
of  light  was  thrown  on  a  white  wall  several  meters  away,  so  that 
it  was  easy  to  see  when  balance  was  secured  and  the  spot  of 
light  brought  to  rest,  from  almost  any  part  of  the  testing  room. 

The  760-cycle-per-second  voltage  was  raised  to  nearly  140 
volts  by  a  step-up  transformer,  and  impressed  on  the  split- 

7.  "A  Bifilar  Vibration  Galvanometer, "by  W.  Duddell,  Proc,  Physical 
Society,  London,  May  14,  1909  and  Tht  Electrician,  London,  Vol.  LXIII, 
pp.  620-622,  July  30,  1909. 
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phase  angle  measurer  of  the  instrument.  The  phase  balance 
required  about  0.043  microfarad  and  340  ohms,  inserted  in  the 
associated  shunt  circuit  of  the  split-phaser.  This  split-phase 
balance  had  to  be  checked  and  adjusted  occasionally. 

Method  op  Observation 
In  making  a  series  of  tests  along  the  line,  the  impressed  e.m.f . 
and  frequency  at  -4,  Fig.  2,  were  kept  as  nearly  constant  as 
possible.  One  observer  watched  the  Frahm  frequency  meter, 
another  changed  the  potentiometer  leads  along  the  line  and 
watched  the  vibration-galvanometer  arc-lamp.  A  third  adjusted 
the  potentiometer  balance  for  amplitude  and  phase.  Each 
voltage  could  ordinarily  be  measured  to  0.001  volt,  or  closer,  in 
amplitude  and  to  a  tenth  of  a  degree  in  phase.  This  voltage 
represented  either  a  potential  from  some  junction  point  on  the 
line  to  ground,  or  the  potential  drop  in  a  section  of  100-ohm  resist- 
ance. In  working  out  the  results,  they  were  all  reduced  by 
simple  proportion  to  what  would  have  been  observed  if  the 
impressed  e.m.f.  at  A  had  been  just  1 .00  /O^  volt  instead  of  the 
1.7  volts,  or  thereabouts,  actually  measured.  This  reduction 
was  made  for  greater  simplicity  in  presenting  the  results. 

Results 
The  results  obtained  are  indicated  in  Tables  III,  IV  and  V  for 
the  condition,  at  the  B  end,  of  grounded,  open,  and  through 
subscriber's  set,  respectively.  Referring  to  Table  III,  the  first 
column  denotes  the  test-points  along  the  line.  Arabic  numerals 
designate  junction-points  between  sections,  and  Roman  numerals 
mid-section  points  (see  Fig.  2).  The  distances  in  kilometers  of 
these  points  from  the  distant  end  of  the  line  appear  in  column  2. 
The  hyperbolic  angle  6,  of  each  point  from  B,  is  given  in  the 
next  column,  expressed  as  a  complex  quantity ,•  the  real  com- 
ponent being  a  hyperbolic  angle,  expressible  in  hyperbolic 
radians,  and  the  imaginary,  or  j-component,  a  circular  angle 
expressed  in  circular  radians.  This  j-component  measures  the 
wave  phase-length  of  the  line  at  the  frequency  considered.  In 
this  case,  the  wave-length  of  the  whole  line  AB  is  shown  to  be 
12.723  circular  radians.  It  is  convenient  for  many  purposes, 
however,  to  divide  the  J-component  by  7r/2,  or  1 .  5708,  in  order 

8.  "  The  Application  of  Hyperbolic  Functions  to  Electrical  Engineer- 
ing Problems,"  by  A.  E.  Kennelly,  University  of  London  Press,  1912, 
Chap.  V. 
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to  reduce  this  circular  angle  to  quadrant  measure.  This  reduc- 
tion appears  in  the  fourth  coltunn.  The  whole  line  AB  subtends 
a  complex  hyperbolic  angle  2 . 350  +  j  12 . 723  =  12 . 94  /79.5 
hjrps.,  of  which  the  j-component  is  8.1  in  quadrant  measure. 
That  is,  the  wave  phase-length  of  the  line  is  8 . 1  quadrants,  or 
a  little  more  than  2  complete  revolutions.  In  other  words,  the 
artificial  line  at  this  frequency  covers  a  little  over  2  complete 
wave-lengths,  and  the  equivalent  smooth  line  corresponding 
to  the  artificial  line  at  junctions,  would  also  cover  a  little  over  2 
complete  wave-lengths.  This  hypothetical  equivalent  smooth 
line  which  would  conform  electrically  to  the  lumpy  artificial 
line  at  junction  points,  may  be  briefly  denoted  as  the  imitated 
line. 

The  fifth  column  of  Table  III  gives  the  hyperbolic  sine  of  the 
angle  8  at  the  respective  artificial-line  junction  points.*  The 
potential  along  the  artificial  line  from  junction  to  junction,  and 
on  the  imitated  line  at  all  points,  follows  sinh  5  in  simple  propor- 
tion. The  voltage  E'  so  computed,  appears  in  column  6,  starting 
with  1 .00  /O^  volt  at  sinh  8  =  5.2  /9**.2,  phase  angles  appearing 
as  degrees  and  decimals  of  a  degree.  Coltmm  7  gives  the  cor- 
responding observed  jtmction-potential  in  magnitude  and  phase 
with  the  aid  of  the  potentiometer,  taking  the  initial  impressed 
voltage  as  1 .00  /O^  volt.  It  will  be  noticed  that  the  agreement 
between  the  computed  voltage  E'  and  the  observed  voltage  E 
is  satisfactory,  the  magnitudes  usually  agree  within  5  per  cent 
and  the  phase  within  5  deg.  A  discrepancy  of  5  deg.  may  seem 
considerable  in  itself,  but  the  total  change  of  voltage  phase 
along  the  line  is  about  72&  deg. 

Column  8  gives  the  hyperbolic  cosines  of  the  mid-section  angles. 
It  has  been  shown^®  that  the  current  in  any  Il-section  of  an 
artificial  line,  when  multiplied  by  the  hyp.  cosine  of  a  semi- 
section,  agrees  with  the  current  on  the  imitated  line  at  the  corre- 
sponding point;  also  that  the  current  at  any  point  of  a  smooth 
line  is  directly  proportional  to  the  hyp.  cosine  of  the  angle  from 
the  distant  end.  Column  9  gives  in  this  way  the  computed 
current  at  the  points  on  the  imitated  line  corresponding  to  mid- 

9.  Tables  of  complex  hyperbolic  functions  expressed  as  ginh,  cosh,  or 
tanh  of  {x  +  Jfl)  from  *  =■  0  to  «  =  10,  and  g  =  0  to  ^  =  *>  i  by  steps  in 
each  of  0. 06,  have  been  computed,  and  are  in  course  of  publication  by  the 
Harvard  University  Press,  together  with  large-scale  interpolation  charts. 
10.  "  The  Distribution  of  Voltage  and  Current  over  Artificial  Lines  in 
the  Steady  State,"  by  A.  £.  Kennelly,  Electrical  World,  New  York, 
August  10,  1912. 
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section  points  on  the  artificial  line.  Column  10  gives  the  observed 
section  current  /,  and  the  last  column  gives  /  cosh  w,  cosh  u 
being,  for  this  line,  the  vector  0 .813  /5°.  The  agreenient  should 
be  exact,  theoretically  speaking,  between  the  entries  in  columns 
9  and  11  under  /'  and  /cosh  u  respectively.  It  is  not  exact  in  the 
case  considered,  but  is  nevertheless  satisfactory. 

Table  IV  gives  the  corresponding  computed  and  observed 
potentials  and  currents  with  the  distant  end  free.  Here  the 
free  end  of  the  line  constitutes  an  initial  line  angle  of  j  ir/2  or 

j  1 .  5708  radians  at  5,  or  just  1  quadrant,  which  has  been  added 


liO     130   180  no  100  CO  so   to   no    50 


Fig.  3 — Line    Grounded    at   Distant  End.     Vector   Diagram   of 
Voltage  and  Current 


to  all  the  angles.  The  voltages  follow  the  sines,  and  the  currents 
the  cosines,  of  the  angles  from  point  to  point.  The  agreement 
is  again  satisfactory,  although  by  no  means  exact,  between 
£'  and  E,  also  between  /'  and  /  cosh  u. 

Table  V  gives  a  similar  comparison  of  computed  and  observed 
potentials  and  currents  for  the  case  of  the  line  grounded  at  the 
distant  end  through  a  subscriber's  set  which  offered  an  impedance 
of  1570  /70^  ohms,  and  which  therefore  subtended  a  terminal 

/1570  770^  \ 

angle  of  tanh-i  I  =■   ]  =  0.043  +j  1.285  hyp.;  or,  with 

\465W/  '  . 
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thej-component  in  quadrant  measure,  0 .  043  +  jO .  818,  the  surge- 
impedance  of  the  artificial  line  being  465  \11°  ohms.  All  the 
angles  of  Table  III  are  here  increased  by  these  amounts.  The 
potentials  are  then  simply  proportional  to  sinh  6,  and  the  currents 
to  cosh  8,  as  before.  A  satisfactory  agreement  is  fotmd  between 
the  colunms  under  E'  and  £;  and  also  under  I'  and  /  cosh  «. 

Figs.  3,  4  and  5  are  vector  charts,  corresponding  respectively 
to  Tables  III,  IV  and  V.  Referring  to  Pig.  3,  with  Table  III,  it 
will  be  seen  that  the  potential  at  A  commences  at  1 .0  /Of  volt. 
The  continuous  curve  then  traces  the  hyperbolic-sine  locus  of 


Pig.   4 — Line  Prbed  at  Distant  End.    Vector  Diagram  of  Voltage 

AND  Current 


potential  along  the  imitated  line,  both  in  magnitude  and  phase, 
it  being  tmderstood  that  equal  distances  in  kilometers  do  not 
generally  correspond  to  equal  phase  differences.  The  arrowheads, 
intersecting  the  potential  curve,  mark  the  points  on  the  imitated 
line  at  80-km.  intervals,  corresponding  to  the  junctions  of  the 
artificial-line  sections.  A  small  circle  marks  the. corresponding 
vector  potential  observed.  The  arrowheads  and  circles  should 
coincide,  theoretically.  Similarly,  the  broken  line  traces  the 
computed  hyperbolic-cosine  locus  of  the  vector-current  along 
the  imitated  line,  arrowheads  indicating  points  at  80-km. 
intervals  corresponding  to  mid-sections  on  the  artificial  line,  j 
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The  black  dot  circles  mark  the  reduced  current  measurements. 
These  arrowheads  and  black  dots  should  also  coincide,  according 
to  theory. 

It  will  be  seen  that  the  current  leads  the  impressed  e.m.f.  at 
A  by  12  deg.  As  we  advance  down  the  line,  both  potential  and 
current  fall  behind  the  phase  of  the  impressed  terminal  e.m.f. 
The  change  in  phase  is  about  720  degrees  for  potential,  and  732 
degrees  for  current;  or  about  0.9  deg.  per  km. 

In  the  case  of  Fig.  4  and  Table  IV,  it  will  be  noted  that  freeing 
the  line  at  the  distant  end,  slightly  diminishes  the  current  at 


laO         MO     110     100    80      M      70       CO 


OBSERVEOo 


Grounded     through     Subscriber's    Set. 
Diagram  of  Voltage  and  Current 


Vector 


the  sending  end,  without  materially  affecting  its  phase. 
Towards  the  distant  end  of  the  line,  the  magnitude  and  phase 
of  the  current  are,  of  course,  increasingly  affected. 

Pigs.  6,  7  and  8  show  the  computed  magnitudes  of  voltage 
and  current  along  the  imitated  line  without  respect  to  phase. 
The  broken  dotted  straight  lines  indicate  the  correspondingly 
computed  magnitudes  of  voltage  along  the  artificial  line,  on  the 
assumption  that  the  resistance  and  inductance  are  uniformly 
distributed  in  each  section  coil;  also  that  the  capacitance 
between  the  coil  windings  can  be  ignored.     The  voltages  at 


Digitized  by 


Google 


1296 


KEN  NELLY  AND  LIEBERKNECHT: 


[June  2i 


S 


2 
.3 


< 

S 


a 


a 


a 


8   ^ 

II 


It 


8a 


"     a& 

.  15 
--sJ^^Sl^S  lis 
^Is^Sls^  111 


S     S 
o      <« 


2"!  g 


00 

++ 

coco     o     So 
c«e<«    d    do 


•ol    00 

i  ii 


1 1 


1 1 


1 1 

X    X 

S  S 


I 

X 


X    ^ 

O)      CO 


X 

p 


a 


8 


I 


Digitized  by 


Google 


1913] 


ARTIFICIAL  AERIAL  TELEPHONE 


1297 


section-junctions  and  line-terminals  then  agree  with  those  of  the 
imitated  line  at  such  points.  The  current  strengths  in  the  arti- 
ficial line  would,  if  shown  on  the  diagram,  be  constant  in  each 
section,  and  would  be  represented  by  horizontal  straight  lines, 
broken  by  vertical  descents  at  leak-junctions.  When  multiplied 
by  cosh  tt,  these  currents  would  agree  with  the  imitated  line 
currents  at  mid-section  points. 

In  the  case  of  Pig.  6  a^d  Table  VI,  the  current  strength  arriv- 
ing at  the  subscriber's  set  is  0.115^2"*  milliampere.  The 
potential  difference  at  the  terminals  of  the  receiving  telephone 
T  was  0.040 \230*  volt,   and  taking   the  impedance  of  this 


0.9 
0.8 

I 

;  0.6 

iO.5 

'  0.4 

0.8 

0.2 

0.1 

0 


-trO- 

\ 

-1 

S: 

s 

Ul 

\ 

J 

-*T*- 

u 

^ 

< 

^ 

^^^ 

-OtS- 

J 

^ 

N 

\ 

^x 

X 

•—jij 

N^ 

'>N 

^^ 

"*■*> 

-0.2- 

k 

b^ 

N 

f 

X. 

CX 

200 


300  400  600 

KILOMETERS 


800 


Pig.  6 — Amplitude  of  Potential  and  Current  on  Imitated 
Smooth  Line  and  Amplitude  of  Potential  on  Artificial  Line, 
Grounded  at  Distant  End 


instrument  at  260/40"  ohms,  as  found  by  subsequent  experi- 
ments, the  current  received  in  the  instrument  would  be  0.040 
\M0V260/40^  =  0.154  \270^  milliampere.  This  current 
gave  rise  to  a  loud  musical  note  in  the  receiver. 

Equivalent  Circuits  of  Artificial  and  Imitated  Lines 
Table  VII  contains  data  concerning  the  artificial  line  taken 
as  a  whole,  and  also  concerning  the  imitated  line,  its  external 
counterpart.  Figs.  9  and  10  show  the  nominal  and  equivalent 
circuits  of  these  lines.  In  Pig.  9,  the  nominal  11,  A'B',  contains 
an  architrave  impedance  2202  +  7*5599  ohms,  and  the  imitated 
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line  would  contain  this  impedance  at  the  testing  frequency. 
In  each  of  the  two  terminal  leaks  there  would  be  0 .01391  /90^.5 
mho,  corresponding  to  2.913  microfarads  of  total  distributed 
capacity.  Similarly,  the  nominal  T,  A '  B\  contains  in  its  arms 
a  total  of  2202  +  j5599  ohms,  and  in  its  single  leak  0.02782 
/90°J  mho. 

Fig.  10  shows  the  equivalent  11,  A*B* ,  of  three  simple  imped- 
ances which  would  externally  replace  either  the  whole  artificial 
line,  or  the  imitated  line.  The  architrave  impedance  is  2417  —7  76 
ohms.  Each  pillar  leak  has  an  admittance  of  (1 .  737  +  j  0 .  391) 
10~*  mho.     If  we  apply  one  volt  to  the  terminal  A*^  then  by 
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Fig.  7 — Amplitude  of  Potential  and  Current  on  Imitated  Smooth 
Line  and  Amplitude  of  Potential  on  Artificial  Line,  Freed  at 
Distant  End 

freeing,  grounding,  or  connecting-to-instrument  the  end  5', 
we  obtain  there  the  corresponding  terminal  voltages  and  currents 
observed  and  computed  for  the  artificial  line.  That  is,  the  cur- 
rent, voltage,  and  power  will  be  the  same  at  the  terminals  i4',5', 
as  at-  the  terminals  A  and  B  respectively  of  the  artificial  line, 
or  of  the  imitated  smooth  line,  tmder  like  conditions  of  opera- 
tion. Similarly,  the  equivalent  T  in  Pig.  10,  has  380  -  762.2 
ohms  in  each  arm,  and  11 .19  X  10~*  /20°.2  mho  in  its  leak. 

Free  and  Ground  Impedance  Tests  of  Artificial  Line,  Table 
VIII  collects  a  set  of  measurements  on  the  impedance  of  dif- 
ferent lengths;  i,e.,  different  numbers  of  sections  in  the  artificial 
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line,  commencing  with  one  section  and  ending  with  10  sections. 
Each  impedance  is  the  ratio  of  the  terminal  impressed  voltage  to 
the  entering  current  strength.  It  will  be  seen  that  although 
the  impedances,  free  and  grounded  at  the  far  end,  vary  greatly 
as  the  number  of  sections  is  changed,  yet  their  product  is  con- 
stant within  errors  of  observation,  and  its  square  root,  their 
geometric  mean,  is  the  constant  surge-impedance  of  the  line. 
The  square  root  of  the  ratio  of  the  two  impedances  also  meas- 
ures the  tangent  of  the  hyperbolic  angle  subtended  by  the  line. 
Precision  of  Measurements.  Owing  to  the  great  sensitiveness 
of  vibration  galvanometers,  it  is  readily  possible  to  measure, 
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Fig.  8 — Amplitude  of  Potential  and  Current  on  Imitated 
Smooth  Line,  and  Amplitude  of  Potential  on  Artificial  Line, 
Grounded  through  Subscriber's  Set  at  Distant  End. 


as  above  described,  the  potential  and  current  along  an  artificial 
line,  fairly  representing  800  km.  (500  miles)  of  aerial  telephone 
line,  without  using  more  than  1 .  75  volts  at  the  sending  end  per 
wire,  or  3.5  volts  per  loop  on  the  metallic  circuit  basis.  The 
precision  of  the  measurements,  however,  is  not  so  great  at  the 
telephonic  frequency  of  760  ^^^  as  at  the  lighting  frequency 
of  60  '^.  This  relative  falling  off  in  precision  may  be  attributed 
to- several  causes:  namely,  first,  capacity  effects  in  apparatus 
and  leads  not  noticeable  at  low  frequencies;  second,  want  of 
practise  with  the  technique  of  the  method  and  apparatus  at  the 
higher  frequency ;  third,  stray  magnetic  fields  in  coils  and  galvan- 
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ometer  leads,  a  very  small  flux  alternating  at  the  higher  fre- 
quency, and  linked  with  the  galvanometer  circuit,  being  able  to 
set  up  a  very  appreciable  e.m.f.;  fourth,  irregularities  in  the 
section  condensers  at  the  higher  frequency  (if  the  condensers 
along  the  artificial  line  are  adjusted  to  equality  at  a  low  fre- 
quency they  may  readily  show  differences  as  well  as  diminutions 
in  capacity  at  the  higher  frequency) ;  fifth,  deviation  of  the  wave 
form  of  impressed  e.m.f.  from  the  sinusoidal,  or  the  presence  of 
harmonics.  This  affects  the  split-phase  balance,  and  phase 
measurements.     The  "vibration  galvanometer  may  be  broadlv 
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Fig.  10— Equivalent   11    and  T  of  Artificial  and  Imitated  Lines 


considered  as  responding  only  to  the  fundamental  frequency, 
the  harmonics  being  independent  of  it,  and  unable  to  affect  it. 
Nevertheless,  the  presence  of  the  harmonics  is  able  to  produce 
some  disturbance  of  the  zero,  and  thus  may  have  some  small 
influence  on  the  measurements. 

By  practise,  and  with  further  experience,  some  of  the  above- 
mentioned  disturbing  sources  may  be  reduced,  and  the  precision 
of  measurement  increased.  Nevertheless,  the  precision  attained 
in  the  results  here  reported  will  doubtless  be  considered  as 
satisfactorily  sustaining  the  theory  of  such  telephone-line 
transmission,  at  a  single  telephonic  frequency,  in  the  steady 
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State.  A  great  variety  of  telephonic  tests  and  measurements 
can  be  made  on  such  an  artificial  line  under  different  terminal 
conditions,  and  with  different  receiving  instruments.  Such  an 
artificial  telephone  line  has  great  practical  value  for  the  tele- 
phone engineer,  the  investigator  and  the  student. 
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AUTOMATIC  METHODS  IN  LONG  DISTANCE 
TELEPHONE  OPERATION 


BY    H.    M.    FRIBNDLY   AND   A.    B.    BURNS 


In  designing  the  equipment  used  by  the  Northwestern  Long 
Distance  Telephone  Company,  operating  a  toll  system  connect- 
ing independent  local  telephone  exchanges  in  Western  Oregon 
and  Western  Washington,  the  first  consideration  was  to  improve 
the  traflSc  capacity  of  operators,  lines  and  equipment.  In- 
cidental to  this  was  the  desire  to  render  the  work  of  the  operator 
more  mechanical,  so  that  the  personal  equation  would  be  elimin- 
ated as  far  as  possible  in  the  handling  of  switching  equipment. 
To  this  end.  somewhat  radical  and  seemingly  complicated  elec- 
trical circuits  were  resorted  to  in  accomplishing  complete,  positive 
lamp  supervision,  and  in  meeting  various  traflSc  requirements 
and  expedients,  but  as  long  as  such  departures  from  common 
practise  meant  simpler  operating,  more  rapid  switching,  or  in- 
creased transmission  efficiency,  all  consistent  with  reliability 
and  normal  maintenance,  the  means  were  considered  as  fully 
justified. 

The  fact  being  that  the  Northwestern  Long  Distance  Telephone 
Company  has  no  direct  authority  over  its  connecting  companies, 
the  inability  to  enforce  discipline  and  strict  traffic  rules  over 
foreign  operators  had  to  be  taken  into  consideration,  and  every 
possible  step  employed  to  improve  and  quicken  the  service  in 
order  to  counteract  this  deficiency,  competition  for  business 
being  very  keen. 

It  will  be  observed  that  the  equipment  on  the  toll  switchboards, 
proper,  is  free  from  special,  irregular  or  complicated  devices 
that  require  great  care  and  special  instruction  for  proper  opera- 
tion— ^that  the  circuits  are  uniform  at  all  operators'  positions —    t 
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that  the  minimum  of  apparatus  subject  to  adjustment  is  em- 
ployed in  the  switchboard ;  such  apparatus,  wired  in  sets,  being 
placed  in  the  wirechief's  room,  or  in  any  other  place  where 
it  may  be  convenient  for  inspection  and  repairs,  without 
in  any  way  interfering  with  or  annoying  operators  at  work. 
Further,  the  apparatus-sets  have  been  mounted  in  detach- 
able units,  thus  allowing  a  complete  change  of  the  char- 
acter or  type  of  equipment  associated  with  any  line  without 
altering  or  mutilating  wiring  in  the  apparatus-set.  Each  detach- 
able apparatus-set  consists  of  a  frame  i  by  f  by  }  in.  (3.1  by 
19  by  19  mm.)  angle  iron,  bent  to  form  three  sides  of  a  rectangle 
5  by  16  in.  (12 . 7  by  40 . 5  cm.) ,  the  top  being  left  open.  A  piece 
of  24-gage  sheet  iron  is  riveted  to  the  back  to  form  adust-proof, 
induction-proof  case,  and  a  close-fitting  sheet  iron  detachable 
cover  is  provided  for  the  front,  it  being  found  that  where  the 
apparatus  sets  are  mounted  close  together  (6-in.  or  15-cm. 
centers)  without  cross-talk  protection,  when  relays  of  one  set 
were  being  operated,  induced  clicking  noises  could  be  heard  on 
the  lines  associated  with  the  nearby  apparatus  sets.  The  top 
of  each  apparatus-set  frame  is  closed  by  apiece  of  the  same  angle 
iron,  bent  and  pivoted  to  form  a  sort  of  rocking  switch  carrying 
eleven  insulated  points  used  as  terminals;  these  points  are  made 
to  engage  with  insulated  companion  springs  or  clips  on  the 
stationary  rack,  the  latter  being  of  3/16  by  2  by  2-in.  (4 . 7  by  50.8 
by  50 . 8  mm.)  angle  iron.  All  external  wires  are  brought  to  the 
rack  clips  permanently ;  thus  to  remove  an  apparatus  set,  and 
substitute  another,  it  is  only  necessary  to  disengage  the  clips, 
imhook  the  set  from  the  rack,  place  the  desired  set  on  the  rack 
and  tilt  the  rocking  switch  so  its  points  engage  their  companion 
rack  clips.  All  wiring  of  the  sets  is  brought  out  to  the  rock- 
ing switch,  the  wiring  having  extra  heavy  braided  insulation, 
and  so  disposed  loosely  in  the  set  that  it  is  not  injured  by  the 
small  hinge  movement  of  the  rocking  switch  in  cutting  the  set 
in  or  out  of  service.  The  detachable  feature  of  the  apparatus- 
sets  allows  such  equipment  at  distant  offices  to  be  removed  and 
sent  to  the  shop  for  repairs  or  alterations  in  specially  designed 
shipping  boxes,  avoiding  the  necessity  of  sending  out  a  high- 
priced  man  and  paying  the  incidental  cost  of  transportation, 
etc..  The  expense  of  one  such  trip  alone  to  some  of  the  distant 
offices  would  more  than  pay  the  cost  of  a  duplicate  set  to  be  kept 
for  such  emergencies.  An  operator,  or  any  inexperienced  person, 
can  easily  effect  a  change  ot  sets,  place  the  displaced  set  in  the 
special  box  and  express  it  to  the  shop.  L.ym^ouuy  ^^^^^.^ 
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The  relays  used  in  the  apparatus  sets  are  mostly  of  the  auto- 
matic vertical  type.  This  type  was  chosen  because  of  its  adapt- 
ability,  almost  any  circuit  combination  desired  being  possible  by 
merely  assembling  the  proper  springs  and  insulating  bushings. 
The  contacts  can  be  given  any  reasonable  degree  of  tension  or  pres- 
sure, and  the  slight  sliding  movement  due  to  construction  tends 
to  keep  the  contact  surfaces  bright  and  free  from  dust.  The 
margin  of  adjustment  in  this  type  of  relay  is  also  very  wide,  and  all 
parts  are  easy  of  access  for  inspection  and  maintenance.  These 
relays  are  mounted  upon  angle-iron  shelves,  pivoted  in  the 
apparatus-set  frame  in  a  manner  similar  to  the  switch  at  the  top, 
allowing  all  the  wiring  and  relays  to  be  tilted  out,  inspected  and 
repaired  without  removing  them  or  mutilating  the  wiring.  A 
gravity-catch  locks  the  relay  mount  in  place  when  tilted  back 
into  normal  position.  The  repeating  coils,  retardation  coils, 
condensers,  etc.,  associated  with  the  apparatus  sets  are  mounted 
on  the  back  thereof,  since  there  are  no  moving  parts  to  inspect 
or  adjust. 

Another  type  of  relay  that  has  proved  its  useftdness  and  reliit- 
bility  is  a  polarized  relay  designed  expressly  on  the  plan  of  a 
polarized  ringer,  and  which  is  compact  and  extremely  sensitive, 
though  capable  of  withstanding  abnormal  currents  without  im- 
pairing its  adjustment — such  as  20-cycle  ringing  power.  This 
relay  is  also  mounted  as  a  part  of  the  apparatus-set,  on  a  pivoted 
shelf,  when  the  equipment  comprises  such  a  relay. 

The  apparatus  sets  are  secured  to  the  rack  by  slots  which 
sb'p  over  the  heads  of  round-head  machine  screws  on  the  rack 
angle  iron,  the  slots  being  enlarged  at  the  bottom  to  take  the 
heads  of  the  screws. 

One  of  the  first  conditions  to  be  surmounted  was  in  the  terri- 
tory between  Portland  and  Tacoma,  a  distance  of  145  miles 
(233  km.).  From  Portland  north  to  Centralia,  a  distance  of  95 
miles  (162  km.),  is  a  No.  10  B.  &  S.  copper  circuit,  used  as  a  way- 
line  on  which  are  ten  stations  and  offices,  each  with  a  1600-ohm 
signal  (switchboard  drops  and  bells  having  the  same  type  of 
movement)  having  a  two-microfarad  condenser  in  series  there- 
with (this  latter  provision  is  carried  throughout  the  entire  sys- 
tem to  facilitate  line  testing  and  fault  location).  From  Chehalis, 
4  miles  (6.4  km.)  south  of  Centralia,  to  Tacoma,  a  distance 
of  50  miles  (80  km.),  is  a  similar  way-line  on  which  are  ten  stations. 
Thus  the  way-lines  lap  for  a  distance  of  4  miles  (6.4  km.)  be- 
tween Centralia  and  Chehalis.  This  lapping  was  done  because 
these  towns  are  the  largest  between  Portland  and  Tacoma,  and 

.yu.cuuy  Google 


1308  FRIENDLY  AND  BURNS:  [June  24 

incidentally  are  about  equal  in  importance  from  a  traflSc  stand- 
point from  both  directions.  The  lapping  of  the  circuits  obviates 
delays  such  as  would  ensue  if  intermediate  switching  had  to  be 
resorted  to.  For  normal  switching  between  Portland  and 
Tacoma,  and  Portland  and  Seattle,  the  latter  40  miles  (64  km.) 
north  of  Tacoma,  through  trunk  lines  were  provided.  How- 
ever, it  is  often  desired  to  press  into  requisition  the  two  way- 
lines  above  mentioned  for  Portland-Tacoma  traflSc.  Any  inter- 
mediate traflSc  is  handled  over  these  way-lines,  excepting  rush 
calls  when  the  way-lines  are  busy.  Two  No.  10  B.  &  S.  copper 
way-lines  are  provided  in  addition  to  the  above,  between  Port- 
land and  Castlerock,  a  distance  of  62  miles  (99  km.)  north. 
These  lines  are  equipped  for  calling  direct  into  the  local  automatic 
exchange  at  Portland .  The  methods  used  will  be  explained  fur- 
ther on. 

Delays  in  the  establishing  of,  and  in  the  taking  down  of  switch- 
ing connections  manually  at  Centralia  or  Chehalis  for  such 
through  trafl5c  led  to  the  equipment  of  the  way-lines  for  perform- 
ing this  function  of  interconnection  and  disconnection  remotely, 
from  either  Portland  or  Tacoma,  under  the  instant  automatic 
control  of  the  operators — day  or  night.  The  electrical  circuit 
accomplishing  this  is  shown  in  Figs.  1  and  2,  and  later  described. 
The  operating  specifications  of  the  through  switching  circuit  are 
as  follows: 

The  lines  are  normally  used  as  way-lines  without  any  restrictions 
whatsoever.  Assuming  that  Portland  desires  to  communicate  with 
Tacoma — ^bear  in  mind  that  the  switching  and  line  equipments  at 
both  Portland  and  Tacoma  are  identical  (excepting  that  battery 
on  relay  P,  Fig.  1,  is  reversed  at  Tacoma  as  indicated  in  the  dia- 
gram), and  similarly  operated,  and  that  the  equipment  at  Cen- 
tralia for  effecting  the  interconnection  (obviously  this  equipment 
could  have  been  installed  at  Chehalis,  or  even  on  a  pole  between 
the  towns,  with  the  same  effect)  is  actuated  from  either  Portland 
or  Tacoma — ^first  the  Portland  operator  ascertains  if  the  Port- 
land-Centralia  line  is  busy  by  listening-in  on  the  line.  If  not 
busy,  the  operator  withdraws  the  plug  from  the  regular  jack 
and  inserts  it  into  the  jack  following,  which  may  be  called 
the  through  switching  jack;  over  the  latter  jack  is  a  num- 
ber designating  the  remote  line.  Inserting  the  plug  into 
the  through  switching  jack  causes  the  equipment  at  Cen- 
tralia to  be  actuated,  connecting  the  lines  together,  so  that 
the  Portland  operator  by  listening-in  can  instantly  know  if  the 
remote  line  is  idle,  and  that  without  any  disturbance  to  possible 
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(FRIENDLY  AND  BURNS) 

View  of  Portion  of  Rack  Showing  Apparatus  Sets 

No,  4  has  relays  tilted  out  for  inspection.      No.  5  is  set  with  dust-proof  cover  in  place. 


[friendly  and  burns] 

View  of  Two  Apparatus  Sets 

Set  to  the  left  has  been  removed  to  show  springs  at  top  of  rack  whiciy'"^^^^^^^!^ 
engage  with  points  of  the  rocking  switch  at  top  of  seKJgitized  by  VJVJVJV  IV^ 
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users  on  the  remote  line.  If  the  remote  line  is  found  idle,  the 
Portland  operator  rings  Tacoma's  signal,  or  the  signal  of  any 
oflSce  on  the  remote  line,  in  the  usual  way,  with  her  regular 
cord-ringing-keys,  no  special  keys  or  devices  being  employed. 
Since  no  bell  on  the  near  line  rings  from  the  through  switching 
jack,  the  same  code  of  signals  has  been  used  on  the  near  and  re- 
mote lines,  so  far  as  was  found  convenient.  Incidentally,  the 
signal  showing  at  Tacoma  in  the  above  instance  is  above  the 
through  switching  jack,  indicating  that  the  signal  comes  from 
Portland.  The  object  of  this  will  be  shown  later.  If  an  inter- 
mediate office  on  the  near  line  desires  Tacoma,  for  instance, 
such  office  rings  Portland  in  the  usual  way  and  requests  Tacoma. 
The  Portland  operator,  acting  as  a  through  operator,  removes 
her  plug  from  the  regular  jack  and  inserts  it  into  the  adjacent 
through  switching  jack,  and  if  the  remote  line  is  found  idle, 
signals  as  above.  As  no  ringing  impulses  are  projected  on  the 
near  end,  from  the  through  switching  jack,  an  operator  listening-in 
at  the  intermediate  office  hears  no  disturbance.  When  Tacoma 
answers  the  signal  corresponding  to  her  through  switching  jack, 
the  Portland  operator  can  leave  the  line  at  once,  as  Tacoma's 
plug  being  in  the  through  switching  jack,  maintains  the  through 
connection.  If  the  call  cannot  be  completed  at  once,  Tacoma 
signals  the  calling  office  over  her  through  switching  jack  when 
ready;  Portland  pays  no  further  attention  to  the  call,  and  makes 
no  note  of  it,  since  Tacoma  is  a  checking  office.  If,  however, 
an  intermediate  oflBce  on  the  remote  line  is  desired,  the  Portland 
operator  supervises  and  checks  the  call  as  if  it  were  a  through 
switch  made  manually  at  Portland,  which,  from  an  operating 
standpoint,  it  is.  Tacoma  in  the  latter  instance  would  ignore 
all  signals  for  intermediate  stations  coming  in  on  the  signal 
associated  with  her  through  switching  jack,  knowing  that  Port- 
land, a  checking  office,  is  supervising  such  switches,  although 
Tacoma  checks  all  signals  for  intermediate  stations  coming  in 
on  the  regular  line  signal. 
The  electrical  details  are  as  follows: 

1.  The  Portland  operator  plugs  into  the  through  switching 
jack,  projecting  battery  current  out  on  the  line  and  operating  the 
relay  at  Centralia,  cutting  the  lines  together. 

2 .  The  operator  rings  on  the  through  switching  jack,  which 
operates  a  relay  in  the  apparatus-set  that  reverses  the  battery 
projected  out  on  the  line.  This  reversed  battery  operates  a 
polarized  relay  at  Tacoma,  and  throws  20-cycle  ringing  power 
back  on  the  remote  line,  the  relay  at  Centralia  simultaneously  OglC 
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breaking  the  line  connection  during  the  time  the  current  is  re- 
versed. 

3.  When  the  ringing  key  is  released,  the  current  is  restored 
to  the  original  direction,  the  relay  at  Centralia  operates,  and  the 
through  talking  circuit  is  re-established. 

4.  When  the  call  is  completed  the  operator  withdraws  her 
plug,  and  the  lines  are  restored  to  their  normally  separate  con- 
dition as  far  as  speech  is  concerned. 

Referring  to  Fig.  1,  at  the  top  of  this  diagram  are  the  eleven 


Fig.   1 — Through    Switching    Circuit — Two- Way — Ring-Back 
(See  Figs.  2  and  10) 


insulated  terminal  points  carried  by  the  rocking  switch  at  the 
top  of  the  apparatus  set.  The  companion  clips  at  the  top  of 
the  rack  are  connected  as  shown:  No.  1  to  main  ground;  No. 
2  and  No.  3  to  the  two  wires  extending  to  the  line  and  to  the 
spring  jack  and  drop  associated  with  the  line.  No.  4  is  connected 
to  a  set  of  batteries,  in  this  case  dry  cells  having  the  negative 
or  zinc  pole  grounded;  No.  5  and  No.  6  are  connected  to  the 
through  switching  jack  and  associated  signal ;  No,  7  with  the  shell 
or  **  relay  wire  "  of  the  through  switching  jack;  No.  8  and  No.  9 
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to  20-cycle  ringing  power;  No.  10  to  the  shell  of  the  regular  line 
jack;  and  No.  11  to  the  main  storage  battery  having  the  positive 
pole  grounded. 

Tracing  a  particular  call,  say  from  Kelso  on  the  Portland  way- 
line  to  Yelm  on  the  Tacoma  way-line,  and  knowing  the  modus 
operandi  of  the  call  from  the  preceding  paragraphs,  we  can  fol- 
low the  action  of  the  relays  shown  in  Figs.  1  and  2.  When 
Kelso  rings,  the  Portland  signal  associated  with  the  regular  line 
jack  is  actxiated,  the  jack  and  drop  of  the  through  switching  line 
being  unconnected.  Portland  answers  by  plugging  into  the  regu- 
lar line  jack,  ascertains  that  Yehn  is  wanted  and  changes  the 
cord  plug  to  the  through  switching  jack.  The  third  or  shell  wire 
of  this  plug  is  grotmded,  and  engaging  the  shell  wire  of  the 
through  switching  jack,  throws  a  ground  through  point  No.  7 
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Fig.  2 — Through    Switching   Circuit,    Centralia,    Wash. 
(See  Figs.  1  and  10) 


of  the  apparatus  set  and  actuates  relays  C  and  D,  Fig.  1,  also 
actuating  the  cut-off  relay  associated  with  the  through  switching 
jack.  Relay  D  connects  the  switching  jack  to  the  line,  and  in 
conjtmction  with  relay  C  projects  battery  current  to  the  center 
of  relay  F,  where  it  divides  and  finds  its  way  through  the  coils 
of  relay  F,  through  two  windings  of  the  repeating  coil  to  the 
line.  Following  the  line  to  Fig.  2  (Centralia)  the  battery  cur- 
rent flows  through  the  coils  of  relays  A,  5,  and  C,  dividing 
again  through  the  coils  of  relay  D  to  reach  the  Tacoma  way 
Une.  The  apparatus  set  at  Tacoma  is  identical  with  Fig.  1, 
except,  as  may  be  noted,  that  two  of  the  wires  are  reversed  on 
relay  D  so  that  the  batteries  at  Portland  and  Tacoma  will  not 
be  opposed  when  operators  have  cord  plugs  in  their  respective 
through  switching  jacks,  and  the  current  for  ringing  contrd  is 
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necessarily  of  the  opposite  polarity.  Following  the  line  to  Fig. 
1  again,  this  time  at  Tacoma,  the  current  can  be  traced  through 
the  repeating  coils  and  the  coils  of  relay  F  to  ground,  whence  it 
returns  to  the  battery  at  Portland.  The  current  thus  established 
flows  on  the  line  from  Tacoma  to  Portland,  and  relays  B  and  C, 
Fig.  2,  are  wired  to  operate  with  this  direction  of  current,  con- 
necting the  two  way-lines  together  through  two  four-microfarad 
condensers.  Relay  F  at  Tacoma  operates  to  the  minus  side, 
and  thus  produces  no  effect.  When  Portland  rings,  relay  E, 
which  is  bridged  across  the  line,  vibrates  and  thus  keeps  the 
contacts  practically  wide  open,  the  period  of  contact  being  of 
short  duration.  This  allows  relay  D,  which  has  a  strong  ten- 
sion, to  fall  back,  and  tracing  the  circuit  as  before,  with  relay 
C  actuated  and  relay  D  normal,  plus  battery  current  from  point 
No.  4  of  the  rocking  switch  is  finding  its  way  to  the  line  and 
through  the  sets  at  Centralia  and  Tacoma  as  before,  but  this 
time  the  current  flows  in  the  reverse  direction,  from  Portland 
to  Tacoma,  actuating  relays  B  and  C  at  Centralia  in  the  plus 
direction  and  breaking  the  talking  coimection.  Relay  F  at 
Tacoma  is  also  actuated  in  the  plus  direction  and  actuates  relay 
A  which  in  its  turn  actuates  relay  B,  Relay  B  impresses  20- 
cycle  ringing  power  on  the  through  switching  jack,  and  actuates 
the  associated  line  signal,  apprising  the  Tacoma  operator  that 
Portland  is  ringing,  and  not  some  intermediate  station,  the 
regular  line  signal  not  being  actuated,  since  relay  A  grounds  the 
shell  of  the  regular  line  jack,  and  operates  the  cut-off  relay  asso- 
ciated with  this  jack.  Relay  B  also  impresses  20-cycle  ringing 
power  on  the  primary  winding  of  the  repeating  coil,  and  as 
relay  A  has  short-circuited  the  inner  lugs  of  the  secondary  wind- 
ing, 20-cycle  ungrounded  ringing  power  is  thus  projected  out 
on  the  line.  This  is  important,  as  the  normal  ringing  ix)wer  is 
grounded  on  one  side,  and  if  thrown  directly  on  the  line  would 
shunt  out  a  large  portion  of  the  operating  current,  while  the 
alternating  current  from  the  live  side  of  the  ringing  generator 
would  return  to  groimd  through  the  relays  of  the  set,  vibrating 
them  and  thus  breaking  up  the  ringing  impulses  projected  out 
on  the  line.  Also,  grounded  ringing  power  or  ringing  power 
subject  to  grounds  from  intermediate  stations,  must  be  guarded 
against,  otherwise  the  switching  relays  at  Centralia  would 
operate,  cutting  the  lines  together,  interfering  with  service; 
while  the  relays  at  the  terminals  would  operate  the  switchboard 
signals  and  also  ring  back  on  the  line.  This  is  prevented  in  two 
ways.  ^  T 
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1 .  In  Fig.  2,  the  line  circmt  is  carried  through  the  contacts 
of  relays  A  and  B  before  reaching  the  windings  of  relays  B  and 
C  the  switching  relays,  and  any  ringing  currents  on  the  lines 
will  open  these  contacts,  preventing  any  ground  leakage  from 
operating  B  or  C 

2.  In  Fig.  1,  relay  A  operates  with  a  ground  from  relay  F, 
and  the  former  in  its  turn  operates  relay  B.  The  interval  of 
time  necessary  to  accomplish  this  being  comparatively  long, 
ringing  impulses  of  any  ordinary  frequency  will  not  endure 
long  enough  to  complete  the  series  of  operations.  It  will  be 
noted,  however,  that  the  intermittent  ground  from  the  contact 
of  relay  F  is  passed  on  from  relay  A  to  relay  5.  If  the  main 
ground  were  independently  wired  to  the  contacts  of  each  relay 
it  would  have  the  opposite  effect,  that  of  producing  a  steady 
action  of  relay  B  by  the  intermittent  action  of  relay  F,  Of 
course,  this  could  be  obviated  as  in  composite  telegraphy,  by 
using  a  howler  or  high-frequency  ringer,  or  by  the  use  of  repeating 
coils  at  these  stations,  but  this  would  increase  the  amount  of 
equipment  in  the  aggregate  to  more  than  is  required  in  these 
sets  to  prevent  the  trouble.  The  endeavor  has  always  been  to 
keep  unnecessary  or  avoidable  equipment  off  the  line  at  points 
where  there  is  no  competent  man  to  maintain  it.  As  used,  the 
three  apparatus-sets  can  be  disconnected  from  the  lines  if  desired 
by  pulling  the  switches  at  the  top  of  each  set,  and  not  only  will 
the  normal  operation  of  the  lines  be  unaffected  by  the  change, 
but  no  extra  apparatus  will  be  left  on  the  line  at  any  of  these 
offices.  Conversely,  all  of  these  apparatus  sets  may  be  regarded 
as  supplementing  the  regular  line  equipment,  and  any  facility 
they  may  afford  in  operating  may  be  regarded  as  that  much 
clear  gain. 

In  the  case  of  the  above  through  switching  circuit,  ringing 
power  is  projected  back  from  the  opposite  terminal  office, 
since  no  ringing  power  is  available  at  Centralia.  If  such  ring- 
ing power  were  available,  it  could  be  used  to  ring  in  both  direc- 
tions under  the  control  of  the  terminal  offices,  in  lieu  of  the 
method  used.  The  manipulation  of  the  circuit  would  be  the 
same  in  either  case,  as  far  as  the  operators  are  concerned. 

A  condition  in  a  way  similar  to  the  one  first  described  between 
Portland  and  Tacoma  existed  between  Portland,  and  Dallas 
and  Independence  via  Salem,  the  latter  being  52  miles  (83 .6  kg.) 
(No.  10  B.  &  S.  copper)  south  from  Portland,  and  15  miles  (24 
km.)  (No.  10  B.w.g.  iron)  east  from  Dallas,  Independence  being 
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on  a  leg  from  the  latter  line.  The  circuits  (see  Pig.  3)  were 
somewhat  modified  by  reason  of  the  fact  that,  due  to  the  small 
ntmxber  of  stations  involved,  and  the  short  distance,  it  is  found 
possible  to  ring  through  directly  from  any  office  on  the  Une.  In 
this  circuit  means  are  provided  at  each  switching  station  whereby 
the  operator  by  plugging  into  the  through  switching  jack  causes 
battery  current  to  be  projected  out  by  the  line.  This  battery 
current  serves  to  operate  the  through  switching  relays  at  Salem 
which  connect  the  two  lines  together  for  talking.  Ringing  is 
done  directly  in  the  usual  manner,  and  at  the  termination  of 
the  call,  the  switch  is  released  on  the  removal  of  the  cord  plug 
from  the  through  switching  jack.  Two  jacks  are  provided  at 
both  Dallas  and  Independence  (see  Fig.  3),  one  the  regular  line 
jack,  used  for  normal  manual  switching,  and  a  through  switching 
jack,  provided  with  extra  contacts  for  connecting  the  split  re- 
tardation coil  to  the  line.  The  center  of  this  coil  is  connected  to 
battery,  the  current  following  the  line  to  Salem  and  operating 
the  switching  relays. 

A  similar  action  takes  place  at  Portland,  where  the  retardation 
coil  is  connected  to  the  line  by  means  of  relay  £,  which  is  operated 
from  the  shell  of  the  through  switching  jack,  projecting  current 
on  the  line  and  operating  the  switching  relays  at  Salem  as  before. 
Also,  if  Dallas,  Independence  and  Portland  should  all  plug 
into  their  respective  through  switching  jacks  simultaneously, 
the  same  effect  would  take  place,  the  ctirrents  from  the  different 
sources  merely  aiding  each  other  after  the  connection  is 
established  at  Salem.  The  operation  of  the  apparatus-set  at 
Salem  is  on  the  plan  of  a  mechanically  locking  relay,  which  locks 
the  Unes  together  when  actuated  by  relays  C  or  D,  Fig.  3 .  This 
relay  is  operated  by  six  dry  cells,  and  for  economy  in  battery 
consumption  is  made  to  disconnect  the  local  battery  after 
locking  mechanically.  By  this  means  one  set  of  dry  cells 
can  be  made  to  supply  the  necessary  current  for  a  number 
of  months,  whereas  maintaining  the  locking  action  by  means 
of  current  would  shorten  the  life  of  cells  to  a  few  weeks 
or  possibly  days,  depending  upon  the  amount  of  traffic.  Either 
relay  C  ox  D  operating  to  the  minus  side  actuates  relay  A, 
which  when  closed  actuates  relay  JB.  Relay  A  is  now  discon- 
nected from  the  battery  on  the  back  contact  of  relay  B  and, 
after  a  slight  pause  due  to  its  sluggish  properties,  falls  back.  It 
will  be  seen  from  the  diagram  that  this  mechanically  locks 
relay  B  in  the  operated  position,  disconnecting  it  electrically, 
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and  it  remains  in  this  position  as  long  as  relays  C  and  D  are 
energized,  holding  the  lines  connected  for  talking  and  ringing 
purposes.  When  the  plug  is  removed  from  the  through  switching 
jade  at  the  calling  oflSce,  the  ctirrent  ceases  to  energize  relays  C 
and  D\  and  upon  one  or  both  of  these  relays  making  contact  on 
the  plus  side,  which  is  in  the  normal  position  of  the  armatures, 
current  again  flows  through  a  make  contact  of  relay  B,  actuating 
relay  A  and  unlocking  B,  Upon  relay  B  returning  to  its  normal 
position  the  current  in  relay  A  is  broken,  and  it  too  returns  to  its 
normal  position,  when  the  set  is  ready  for  another  switch. 

Grounded  ringing  on  one  line  in  the  normal  position  of  relays 
AfB,Cf  and  D  wiU  not  affect  the  other  line,  since  relay  A  must 
pick  up,  and  after  that  relay  5,  and  the  time  necessary  to  ac- 
complish this  is  found  to  exceed  the  dtuution  of  an  impulse 
where  the  ringing  frequency  is  over  fifteen  cycles  per  second. 

The  mechanism  used  for  locking  up  relay  B  in  this  circuit 
is  capable  of  wide  application.  By  using  a  heavy  momentary 
current,  it  is  possible  to  give  the  relays  a  heavy  contact  ten- 
sion, thereby  reducing  the  liability  to  get  out  of  order.  The 
fact  that  the  ctirrent  is  but  momentary  allows  dry  cells  to  be 
used  in  stations  where  a  storage  battery  is  not  available  to  operate 
the  relays.  This  form  of  locking  relay  can  be  used  at  stations 
on  toll  lines  where  it  is  desired  to  have  a  means  of  cutting  a 
line  in  or  looping  it  through  a  station  for  testing  or  switching 
purposes,  and  yet  due  to  length  of  cable  or  other  conditions 
it  is  impracticable  to  allow  any  permanent  legs  or  loops  from 
the  lines,  the  relays  being  controlled  from  contacts  on  the  switch- 
ing jacks  in  the  station  equipment. 

Many  adaptations  other  than  recounted  here  may  be  made — 
such  as  through  switching  between  any  two  of  three  lines 
where  all  terminate  at  one  office;  switching  from  either  of  two 
lines  to  either  of  two  lines,  where  all  four  terminate  at  one 
office;  or  switching  of  three  lines  in  tandem  through  two  through 
offices,  etc.  In  other  words,  the  apparatus-sets  described  may 
be  modified  to  satisfy  an  almost  endless  number  of  traffic, 
operating,  or  electrical  conditions.  If  it  is  desired  to  have 
lamp  signals  show  over  the  line  jacks  at  the  through  office  to 
apprise  the  through  operator  that  the  lines  involved  are  busy 
by  reason  of  a  through  call  handled  remotely,  a  very  simple 
modification  in  the  apparatus-set  at  the  through  office  will 
accomplish  it.  Further,  a  lamp  signal  might  be  provided  at 
the  terminal  offices  to  apprise  the  operators  as  to  the  busy  or 
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idle  condition  of  the  remote  lines,  obviating  listening-in  to 
determine  it. 

Under  usual  practise,  through  switching  introduces  relatively 
expensive  operating  methods,  due  to  the  fact  that  more  operators 
and  more  line  circuits  are  required  than  to  handle  the  traffic 
over  direct  trunk  lines,  and  direct  way-lines;  thus  meaning 
lower  earning  efficiency  to  the  operating  company  and  retarded 
service  to  its  patrons,  the  latter  doubtless  having. a  potent 
though  intangible  effect  in  discouraging  business  as  well.  In 
the  first  case  mentioned,  employing  usual  methods,  the  Port- 
land operator  desiring  Tacoma  would  first  be  obliged  to  signal 
Centralia  or  Chehalis  in  the  usual  way  and  await  the  operator's 
convenience  in  responding;  then  tell  this  operator  her  wants, 
and  again  wait  until  she  ascertained  the  state  of  the  desired 
line,  and  reported  back,  if  busy,  thus  consuming  the  time  of 
two  operators,  and  what  is  of  far  more  moment — the  time  of 
the  line.  An  operator  establishing  her  own  through  connections 
by  remote  control  avoids  such  delays — ^in  fact  gains  all  the  ad- 
vantages of  direct  trunk  efficiency  between  points  where  the 
volume  of  traffic  does  not  warrant  the  expense  of  the  proper 
number  of  trunk  lines  to  carry  the  maximum  or  **  peak  "  de- 
mand without  delaying  traffic  unduly,  or  where  the  advantage 
of  direct  trunk  or  direct  way  service  is  desired  but  not  war- 
ranted by  the  traffic  offered.  The  delays  experienced  in  estab- 
lishing through  connections  manually  at  intermediate  offices  are 
augmented  by  the  delay  in  getting  the  established  connection 
taken  down  at  the  termination  of  the  service,  or  annoyances 
such  as  an  inadvertent  disconnection  at  the  through  office.  In 
the  remote  control  method,  the  withdrawing  of  the  plug  by  the 
calling  operator  instantly  disconnects  the  lines,  and  not  otherwise. 

Operators  maintain  that  there  is  far  less  nerve  strain  and 
fatigue  attaching  to  the  remote  control  method  of  establishing 
through  switches  than  with  the  manual  method  where  the  en- 
forced delays  under  stress  are  very  trying. 

In  order  to  facilitate  "  rapid  fire  '*  service  between  Port- 
land and  Seattle,  a  distance  of  185  miles  (297.7  km.),  an  unusual 
traffic  and  circuit  arrangement  was  devised.  But  one  trunk 
circuit  was  available,  a  No.  8  B.  &  S.  copper  loop  having  no 
intermediate  offices  obtaining  service  over  it,  and  since  many 
calls  to  Seattle  were  special  calls  or  through  calls  to  points 
beyond,  it  was  necessary  that  the  Portland  operator  should  be 
able  to  signal  the  Seattle  toll  operator  at  will  in  the  usual  way 
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without  disturbing  the  Seattle  B  operator.  Following  the 
regtdar  line  jack  on  the  Portland  switchboard  is  an  auxiliary 
jack  that  may  be  called  the  B  board  jack,  which  is  used  when 
the  Portland  operator  desires  to  order  up  a  number  directly 
via  the  Seattle  B  board.  The  Portland  operator  upon  plugging 
into  this  jack  is  then  able  to  speak  directly  into  the  head  tele- 
phone of  the  Seattle  B  operator  over  the  regtdar  toll  line  with- 
out further  preliminaries,  and  remains  so  connected  until  the 
B  operator  plugs  into  the  called  subscriber's  line.  Over  the 
B  board  jack  at  Portland  are  placed  two  lamps  which  indicate 
by  glowing  that  the  Portland  operator  is  not  restricted  by  the 
Seattle  toll  operator,  and  ftirther  that  she  is  in  connection  with 
the  B  operator's  head  telephone,  and  thus  can  proceed  to  order 
up   the  desired  subscriber's  line.     The  extinguishing  of  the 
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-Trunking  Circuit  from  Toll  Line  to  **  B  '*  Board 
(See  Pigs.  5  and  10) 


second  lamp  indicates  that  the  B  operator  has  inserted  the  line 
or  trunk  plug  into  the  local  line  jack.  A  lamp  is  placed  over 
the  jack  of  the  line  on  the  Seattle  toll  board,  which  by  glowing 
indicates  to  the  operator  that  the  line  is  in  use  to  the  B  board 
and  is  cut  off  at  the  toll  board,  the  busy  lamp  being  also  lighted 
over  the  answering  jack  and  its  associated  multiples. 

The  principle  of  operation  (see  Figs.  4  and  5)  is  that  the 
Portland  operator  by  plugging  into  the  B  trunk  jack  causes 
battery  current  to  be  projected  out  on  the  line  which  operates 
a  relay  at  Seattle,  cutting  the  line  into  the  B  operator's 
head  telephone  set,  whereupon  the  Portland  operator  pro- 
ceeds to  ask  for  the  Seattle,  local  number,  just  as  a  Seattle 
A  operator  would,  specifying,  however,  "  on  16,"  such  being 
the  number  of  the  B  plug  associated  with  the  toll  line,  as 
otherwise  the  B  operator  would  not  knoWyWhfdiy  5,pJ^&,^touse. 
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This  cutting  into  the  operator's  set  is  accomplished  through 
the  agency  of  relay  A ,  Fig.  4,  which  is  operated  from  the  shell 
wire  of  the  B  board  jack.  The  current  flows  through  two  relays 
in  series,  relays  C  and  D.  Relay  C  is  adjusted  to  operate  through 
a  resistance  of  4000  ohms,  while  relay  D  will  not  operate  through 
a  resistance  of  over  2000  ohms,  which  gives  a  margin  of  adjust- 
ment that  is  used  to  give  supervision  in  the  following  manner: 
If  the  switching  apparatus  is  on  the  line,  that  is,  the  Seattle 
toll  operator  has  no  plug  in  the  line  jack,  relays  C  and  D  pick 
up  and  light  the  supervisory  and  gtiard  lamp  associated  with  the 
Portland  B  board  jack,  assuring  the  Portland  operator  that  she 
has  the  circuit  to  the  Seattle  B  operator's  head  telephone  set. 


"b"  BOARD 
IWHTl     «&  •  fit 
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Pig.  5 — Linb  Circuit —  For  Direct  Trunking  from  Toll  Line  to 
"  B  "  Position  (See  Pigs.  4  and  10) 


This  same  current  operates  relay  No.  3,  Fig.  5,  which  controls 
relay  No.  2,  a  cut-off  relay  which  disconnects  the  line  from 
the  toll  switchboard,  lighting  a  lamp  over  the  answering 
jack  and  also  the  associated  multiples  and  thereby  ap- 
prising the  Seattle  toll  operators  that  Portland  has  the 
line  in  service  via  the  B  board.  Relay  No.  2  also  operates 
relay  No.  4  which  cuts  in  on  the  B  operator's  head  telephone 
circuit.  When  the  B  operator  inserts  the  trunk  plug  associated 
with  the  toll  line  into  the  called  subscriber's  line,  or  into  a  trunk 
jack  to  a  sub  office,  relay  No.  5  operates,  cutting  off  the  B 
operator  and  lighting  the  subscriber's  supervisory  lamp  on  the 
B  board.  Relay  No.  6  operates  when  the  subscriber  answers, 
extingtiishing  the  B  supervisory  lamp,  and  locking  relay  No.  7 
in  an  operated  position  until  the  call  is  released  bj  ,the  Port^Qaj^ 


1320  FRIENDLY  AND  BURNS  [June  24 

land  operator  withdrawing  her  switching  plug.  Another 
action  of  relay  No.  5  is  to  cut  the  2000-ohm  resistance  in  series 
with  the  line  relays,  causing  relay  D  at  Portland  to  fall  back, 
lighting  the  guard  lamp  No.  2  and  thus  giving  Portland  notice 
that  the  B  plug  has  been  inserted  in  the  called  line.  When  the 
subscriber  answers  and  relay  No.  6  is  operated,  this  2000-ohm 
resistance  is  short-circuited,  causing  relay  D  at  Portland  to 
pick  up  again,  extinguishing  the  second  guard  lamp  and  apprising 
the  Portland  operator  that  the  subscriber  has  answered.  When 
the  Seattle  subscriber  hangs  up,  relay  No.  6  falls  back, 
removing  the  short  circuit  from  the  2000-ohm  resistance,  and 
causing  relay  D  again  to  light  its  associated  lamp.  The  clearing 
signal  is  not  given  at  Seattle  until  the  Portland  operator  re- 
moves her  plug,  whereupon  relays  No.  3,  2,  1,  and  7  fall  back, 
and  relay  No.  5  being  operated,  causes  both  supervisory  lamps 
to  glow  until  the  B  operator  removes  the  plug,  when  all  parts 
of  the  apparatus  return  to  the  normal  positions.  In  this  con- 
dition the  line  can  be  used  for  normal  toll  purposes,  ringing 
on  the  line  operating  the  regular  line  signals  only,  the  Seattle 
operator  answering  the  signal  by  plugging  into  the  line  jack  and 
cutting  off  the  trunking  apparatus  by  means  of  relay  No.  8. 
This  cut-ofi  feature  gives  the  Seattle  operator  an  equal  chance 
of  securing  the  line  for  outgoing  business  and  renders  it  impos- 
sible for  the  operator  at  Portland  to  monopolize  the  Une. 

Except  that  the  Seattle  B  operator  is  instructed  to  give  the 
direct  toll  line  trunks  special  attention,  there  is  nothing  to 
distinguish  them  in  supervision  from  any  of  the  local  trunks, 
but  a  sounding  relay  associated  with  the  lamps  of  the  direct 
toll  line  trunks  which  is  mounted  beneath  the  keyshelf  of  the 
B  board  to  aid  in  attracting  the  operator's  attention  to  insure 
the  most  prompt  disconnections. 

Similar  circuits  were  used  between  Tacoma  and  Seattle, 
provision  being  made  also  for  Seattle  to  call  Tacoma  subscribers 
in  the  automatic  exchange  by  means  of  an  automatic  calling 
device,  which  is  described  later  in  this  paper.  Calling  with  an 
automatic  calling  device  as  above  has  been  tested  successfully 
from  Seattle  to  Portland,  and  there  was  no  electrical  reason 
for  not  employing  it. 

If,  in  calling  Seattle  numbers  directly  via  the  B  board,  the 
desired  party  was  found  to  be  out,  the  Portland  operator  would 
say,  "  have  him  call  Long  Distance  16."  Upon  the  called  party 
requesting  this  number  of  the  Long  Distance  recording  operator 
at  Seattle,  she  understood  that  the  call  had  originated  at  Port- 
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land,  and  after  so  informing  him,  obtaining  his  number,  etc., 
would  notify  the  operator  on  the  Portland  line  who  in  turn 
notified  Portland,  who  would  complete  the  call  via  the  B  board. 

Since  the  Northwestern  Long  Distance  Telephone  Company 
connected  with  the  local  automatic  exchange  of  the  Home  Tele- 
phone and  Telegraph  Company  of  Portland,  and  local  automatic 
exchange  of  the  Puget  Sound  Home  Telephone  Company  at 
Tacoma,  before  the  latter  was  absorbed  by  the  Sunset  Tele- 
phone and  Telegraph  Company,  this  offered  an  opportunity  to 
improve  the  service  to  those  cities  by  permitting  distant  con- 
necting exchanges  on  the  system  of  the  long  distance  company 
to  call  subscribers  at  Portland  and  Tacoma  by  automatic  means. 
It  was  decided  at  the  outset  that  to  instu'e  satisfactory  operating 
and  traffic  results,  the  normal  uses  of  the  lines  so  eqtiipped  must 
not  be  restricted  in  any  way — that  is,  jt  must  be  possible  to 
signal  the  toll  operator  at  the  city  having  the  automatic  local 
exchange  in  the  usual  way  from  offices  on  the  toll  line,  and 
vice  versa.  Also  that  means  be  provided  on  the  toll  board  for 
checking,  supervising,  and  listening-in  on  all  switches  called 
directly  from  the  distant  office,  to  insure  proper  timing  of  ser- 
vice and  handling  of  lines,  and  proper  discipline,  the  latter 
being  important  for  the  reason  that  called  local  subscribers 
asstune  that  the  operator  is  also  local,  and  would  censure  the 
toll  company  for  any  breach  on  the  operator's  part,  it  being 
remembered  that  the  distant  operators  are  not  in  the  employ 
of  the  toll  company.  Further,  that  no  call  into  the  automatic 
exchange  should  be  possible  without  the  toll  operator  of  that 
city  being  immediately  apprised  (by  means  of  lamp  signals 
above  the  line  jack)  of  the  attempt  to  call,  and  of  the  response 
of  the  called  local  subscriber. 

At  the  distant  office  two  spring  jacks  (see  Fig.  6)  are  provided; 
one  for  normal  switching,  having  a  signal  associated  therewith ;  the 
other  an  auxiliarj'  jack,  being  used  for  automatic  calling  only.  The 
operator  first  ascertains  by  listening-in  on  the  regular  or  normal 
jack  if  the  line  is  idle  (if  a  way  line),  and  then  withdraws  the 
plug  and  inserts  it  into  the  auxiliary  jack  and  proceeds  to  **  dial " 
the  number  without  further  preliminaries.  On  the  completion 
of  the  dialing,  two  impulses  are  made  by  calling  the  digit  **  one  " 
twice  in  quick  succession,  which  rings  two  short  bells  at  the  called 
subscriber's  telephone  in  the  automatic  exchange.  It  has 
been  found  that  this  method  of  ringing  is  more  convenient 
than  to  ring  with  the  regular  cord-ringing-key.     However,  by 
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the  introduction  of  an  additional  relay  (as  £,  Fig.  1)  in  the 
apparatus  set  at  the  calling  office,  such  cord-key  ringing  may  be 
effected.  In  such  case  the  distant  office  would  ring  the  local 
subscriber  in  the  automatic  exchange  in  the  same  manner  as 
in  ringing  on  a  direct  line.  The  automatic  exchanges  referred 
to  are  what  is  known  as  the  "^three-wire  ''  Strowger  system,  thus 
necessitating  the  use  of  a  ground  in  connection  with  the  two 
line  wires  to  effect  a  call.  In  the  first  experiments  looking 
towards  the  use  of  the  automatic  feature  on  the  toll  lines,  the 
three-wire  principle  was  adhered  to,  and  gave  satisfaction  on 
those  lines  serving  the  two  terminal  stations  only  as  trunk  lines, 
but  where  three  or  more  stations  were  served  it  was  seen  that  to 
keep  the  two  wires  from  any  loop  connections  would  in  vol  ve  too 
many  complications  in  station  equipment.  Another  thing  that 
rendered  the  three- wire  circuit  on  the  toll  line  end  practically  out  of 


Fig.  6 — Calling  Office  Circuit,   Automatic    (She  Figs.  7  and  10) 


the  question  was  that  any  kind  of  ringing  current  used  for  signaling 
between  stations  would  vibrate  the  relays  of  the  apparatus-set 
and  cause  a  great  deal  of  trouble  in  the  automatic  exchange. 
Due  to  the  operating  conditions  of  the  three-wire  automatic 
system,  this  would  be  certain  to  cause  a  great  many  cut-offs 
and  extraneous  noises  on  other  lines  in  the  local  automatic 
exchange.  The  so-called  **  two-wire  "  system  of  calling  was 
therefore  adopted,  with  the  necessary  modifications  to  translate 
from  the  two-wire  system  on  the  toll  line  to  the  three- wire  system 
on  the  local  automatic  exchange.  The  only  difficulty  met  was 
due  to  the  fact  that  in  this  system  the  connector  or  last  switch 
of  the  series  involved  in  making  a  call  in  the  local  automatic 
exchange  drops  back  if  the  line  called  happens  to  be  busy;  a 
"  vertical "  impulse  following,  which  would  ring  on  the  called 
line  if  it  had  been  selected,  serves  to  step  the  connector  '*  off 
normal "  and  automatically  gives  the  busy  tone  to  the  calling 
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party.  If,  however,  the  *'  vertical  "  imptilse  were  followed  by  a 
"  rotary  "  impulse,  the  connector  would  again  step  up  and 
another  vertical  or  series  of  vertical  impulses  followed  by  a 
rotary  impidse  would  select  one  of  the  one  hundred  lines  served 
by  this  connector,  and  ring  some  subscriber — almost  certainly 
the  wrong  one.  To  guard  against  this,  two  different  types  of 
repeater  apparatus-sets,  or  translators,  were  developed;  one  de- 
pending upon  a  small  step-by-step  mechanism  (see  Fig.  7)  simi- 
lar to  that  used  in  the  automatic  system  in  meter  switches,  and  the 
other  (see  Fig.  9)  depending  upon  a  polarized  relay  being  actu- 
ated by  the  proper  polarity  from  the  calling  station,  to  elimi- 
nate the  rotary  impulses  after  the  subscriber's  number  has 
been  selected. 
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Fig.  7 — Toll  Line  Automatic  Apparatus  Set — Reverses  Rotary 
ON  Fifth  Impulse  (See  Figs.  6  and  10) 


The  first  method  is  the  one  used  in  the  circuit  shown  in  Figs. 
6  and  7.  In  Fig.  6,  the  two  line  wires  are  connected  to  a  double- 
wound  retardation  coil,  from  the  center  of  which  the  circuit 
can  be  traced  through  the  contacts  of  the  calling  device 
(normally  closed)  to  grounded  battery,  or  if  desired,  to  ground 
direct.  To  trace  a  call  on  these  circuits,  take  for  instance  a 
station  having  the  calling  device  grounded,  and  of  course  having 
battery  current  on  the  repeater  (Fig.  7) ;  normally  none  of  the 
calling  station  apparatus  is  connected  to  the  line,  and  it  is  only 
when  the  calling  operator  plugs  into  the  automatic  jack  that 
it  is  so  connected.  If  the  toll  line  is  free,  the  desired  local 
number  is  obtained  by  rotating  the  calling  device  successively 
according    to    the    digits    (and    letter    prefix    corresponding 
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to  a  digit)  of  the  subscriber's  number.  If  the  digit  5  is  called, 
for  instance,  the  ground  will  be  interrupted  five  times  in  quick 
succession  by  the  calling  device,  after  which  a  comparatively 
long  pause  follows  while  the  operator  is  preparing  to  "  dial "  the 
next  digit.  It  is  this  prolonged  pause  which  is  utilized  to  give 
the  rotary  necessarily  following  each  digit  in  the  three-wire  sys- 
tem. 

After  the  number  has  been  selected,  ringing,  as  before  stated, 
is  accomplished  by  calling  two  digits  1  on  the  calling  device, 
giving  a  distinctive  double  ring  peculiar  to  **  Long  Distance," 
the  toll  operators  at  the  cities  mentioned  using  a  similar 
code  in  ringing  subscribers.  If  the  subscriber's  Une  is  busy 
the  busy  tone  apprises  the  calling  operator  of  the  fact.  If 
the  called  party  answers,  the  call  is  handled  in  the  usual  way, 
and  upon  completion  the  apparatus  is  released  by  the  calling 
operator  merely  withdrawing  the  plug  for  a  second,  after  which 
the  line  and  equipment  is  ready  for  another  call.  Fig.  7  is 
a  set  similar  to  that  in  Fig.  1,  previously  described,  having 
point  No.  1  grounded,  Nos.  2  and  3  connected  to  the  line  wires, 
No.  4  to  a  lamp  associated  with  the  answering  jack  of  this  line, 
Nos.  8  and  9  to  the  vertical  and  rotary  wires.respectively,  of  a 
trunk  terminating  in  a  *'  first  selector  "  in  the  automatic  ex- 
change. No.  10  is  wired  to  a  second  lamp  associated  with  the 
answering  jack,  while  No.  11  is  main  battery  as  before.  The 
ground  which  was  traced  to  the  line  wires  in  Fig.  6  may  be 
followed  through  the  two  windings  of  the  repeating  coil,  through 
the  double-wotmd  relay  A,  through  the  contacts  of  relay  G  to 
battery.  Relay  A  lights  lamp  No.  1,  which  apprises  the  operator 
that  a  call  is  about  to  be  made,  also  operates  relay  F,  which 
cuts  in  the  tnmk  to  the  automatic  exchange  and  throws  a  ground 
on  the  fourth  spring  of  relay  A.  When  the  calling  operator 
manipulates  her  calling  device,  the  line  circuit  is  broken  a  number 
of  times  corresponding  to  the  digit  or  letter  called.  Relay  A  falls 
back  with  each  impulse  and  '*  repeats  "  each  impulse  to  the 
vertical  wire  of  the  trunk,  and  also  causes  relay  B  to  pick  up, 
which  in  its  turn  operates  relay  E,  Both  B  and  E  are  sluggish 
relays,  having  a  short-circuited  winding  or  a  heavy  copper 
cylinder  on  one  end  of  the  core,  and  therefore  do  not  fall  back 
in  the  short  interval  between  impulses,  but  do  fall  back  in  the 
longer  interval  between  the  various  series  of  impulses  corres- 
ponding to  the  several  digits;  first  B  falling  back,  then  after 
a  short  interval,  £.    Tracing  the  circuit,  with  E  picked  up  and 
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B  in  the  normal  position,  there  is  a  ground  on  the  rotary  side 
ot  the  trunk,  which  serves  to  give  the  necessary  rotary  impulse 
at  the  end  of  each  series  of  vertical  impulses  corresponding  to  the 
digits  called.  Each  time  relay  E  picks  up,  it  steps  up  the  small 
ratchet  wheel  shown  in  Fig.  7,  the  steps  being  held  by  a  pawl 
controlled  by  relay  F,  Each  number  of  the  automatic  exchange 
is  composed  of  five  digits,  as  ^41000,  51900,  C3211,  etc.,  and 
this  wheel  is  adjusted  to  complete  the  contact  of  the  spring 
actuated  by  it  at  the  completion  of  the  fifth  rotary  impulse. 
This  operates  relay  C,  which  reverses  the  automatic  trunk, 
and  discoimects  the  vertical  impulses  coming  from  relay  A, 
When  the  calling  device  is  again  operated,  this  time  to  ring  the  sub- 
scriber, the  same  sequence  of  relay  actions  takes  place  as 
before,  but  as  the  vertical  impulses  are  disconnected,  the  "  au- 
tomatic trunk"  leading  to  the  local  automatic  exchange 
is  not  affected  until  the  rotary  impulse,  and,  the  trunk  being 
reversed,  this  is  thrown  on  the  vertical  side  of  the  trunk,  ring- 
ing the  subscriber,  or  if  the  line  is  busy,  stepping  up  the  con- 
nector switch  to  '*  off  normal,"  and  giving  the  characteristic 
busy  tone.  Upon  the  subscriber  removing  the  receiver, 
battery  and  ground  are  thrown  back  on  the  trunk  from  the 
connector  switch,  operating  relay  D,  which  lights  lamp  No.  2, 
and  apprises  the  checking  operator  on  the  toll  board  that  the 
conversation  is  about  to  begin.  When  the  call  is  completed 
and  the  calling  operator  removes  her  plug,  relay  A  falls  back,  B 
and  E  picking  up  as  before.  After  about  one-half  second,  relay 
F  falls  back  and  disconnects  the  ground  which  operates  B, 
consequently,  B  falls  back,  followed  by  £,  giving  a  rotary  im- 
pulse as  before.  With  F  in  a  normal  position,  however,  the 
automatic  trunk  is  short-circuited,  and  this  causes  the  rotary 
impidse  to  give  the  "  short  and  ground  "  necessary  to  release 
a  call  in  the  three-wire  Strowger  system. 

The  reason  the  trunk  is  reversed  instead  of  the  rotary  being 
merely  disconnected  after  the  fifth  rotary  is  that  a  false  ring 
would  be  given  on  release,  before  relay  F  fell  back  and  released 
the  call,  thus  calling  the  subscriber  back  to  the  telephone  on  a 
false  call.  Also,  in  case  the  calling  operator  discovered  that  a 
wrong  number  had  been  called,  it  would  be  impossible  to  release 
without  giving  a  like  false  ring,  all  of  which  would  not  add  to 
the  prestige  of  the  automatic  system. 

As  stated  before,  grounded  ringing  power,  or  ringing  power 
subject  to  groimds,  must  be  guarded  against  when  the  switch 
is  not  in  use,  and  this  is  accomplished  by  means  of 
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polarized  relay  bridged  across  the  line.  When  ringing  impulses 
come  in  over  the  line,  this  relay  vibrates,  and  keeps  relay  A 
from  securing  enough  current  to  operate. 

It  will  be  noticed  that  lamp  No.  1  flickers  with  each  impulse 
from  relay  A ,  and  these  interruptions  could  be  utilized  to  operate 
an  indicator  over  the  answering  jack,  or  tape  register  if  it  was 
considered  advisable  for  the  sake  of  convenience  in  checking  calls. 

In  the  automatic  apparatus  set  previously  described  (Pigs.  6  and 
7),  the  step-by-step  mechanism  is  utilized  to  eliminate  the  rotary 
impulse  after  the  fifth  digit  is  called,butintherepeatersetabout  to 
be  described  (Figs.  8  and  9)  a  reversal  of  the  polarity  or  direction 
of  the  current  is  depended  upon  to  accomplish  the  same  result. 
The  latter  method  has  the  advantage  of  a  more  positive  ringing 
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Fig.   8 — Automatic  Calling  Circuit  —  Calling  Station  Apparatus 
FOR  Polarized  Ringing  (See  Pigs.  9  and  10) 


control,  but  has  the  disadvantage  of  requiring  battery  current 
at  the  calling  station:  minus  polarity  for  calling,  and  plus 
polarity  for  ringing  the  subscriber.  While  the  first  set  described 
required  a  step-by-step  mechanism,  the  latter  requires  addi- 
tional relays,  which,  although  not  complicating  the  action  of 
the  set,  still  take  up  considerable  extra  space.  Where  the 
calling  station  has  no  battery  supply,  the  former  is  the  only 
choice;  where  battery  is  available,  the  choice  is  about  even 
between  the  two  systems,  with  a  slight  preference  for  the  second 
type  on  account  of  its  more  positive  action.  The  operations 
of  calling  are  identical  and  will  not  be  gone  into  in  detail,  but 
to  ring  the  subscriber,  the  calling  operator,  using  the  latter 
circuit,  depresses  a  self-restoring  key  associated  with  the  calling 
device,  which  reverses  the  polarity  of  the  battery,  as  can  be  seen 
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by  tracing  Fig.  8.  This  ringing  of  the  called  party  in  the  distant 
automatic  exchange  could  be  accomplished  by  introducing  a 
relay  similar  to  relay  E,  Fig.  1,  at  the  calling  office,  and  using 
the  usual  cord  ringing  key. 

The  functions  of  relays  A,  B,  C,  £>,  £,  and  F,  Fig.  9,  in  calling 
are  practically  identical  with  the  functions  of  the  similar  relays 
in  Fig.  7,  and  can  be  followed  by  reference  to  the  preceding  expla- 
nation of  that  circuit.  The  only  difference  is  that  the  control- 
ling relay  F  is  operated  by  the  polarized  relay  G  (Fig.  9)  which 


Fig. 


9 — Automatic  Toll  Line  Repeater  Apparatus-Set — Polarized 
Ringing  Control  (See  Pigs.  8  and  10) 


operates  in  the  minus  direction  when  actuated  by  the  calling  cur- 
rent. When  the  current  is  reversed  by  the  ringing  key  at  the 
calling  station,  relay  G  operates  in  the  plus  direction,  operating 
relays  E  and  C,  the  latter  locking  itself  during  the  remainder  of 
the  call.  Relay  A ,  not  being  sensitive  to  directional  currents, 
remains  actuated  and  consequently  relay  B  does  not  pick  up. 
In  this  position,  with  relay  E  actuated  and  relay  B  normal,  the 
rotary  side  of  the  trunk  would  be  grounded  but  for  the  fact 
that  relay  C  has  reversed  the  trunk,  throwing  this  ground  on 
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the  vertical  wire  instead,  ringing  the  subscriber.  The  impulse 
wire  from  relay  A  is  disconnected  for  the  prevention  of  false 
rings,  and  local  supervision  by  means  of  relay  D  and  lamp  No. 
2,  and  the  release  at  the  termination  of  the  call,  are  all  accom- 
plished in  the  same  manner  as  shown  in  Fig.  7,  and  need  not  be 
detailed  again. 

In  guarding  against  grounded  ringing,  it  was  found  that  on  ac- 
count of  the  extreme  sensitiveness  of  relay  G  (Fig.  9)  to  such  dis- 
turbances it  was  necessary  to  bridge  polarized  relay -ff  across  the 
inner  terminals  of  the  repeating  coil  and  wire  it  in  such  a 
manner  that  any  ringing  ciurents  from  the  line  would  vibrate 
its  armature,  actuating  relay  /  and  disconnecting  the  set  from 
ground,  preventing  the  abnormal  currents  from  causing  any 
trouble.  In  Fig.  7,  it  will  be  observed,  a  single  polarized  relay 
was  sufficient  for  this,  and  the  additional  relay  /  (Fig.  9)  was 
only  added  after  it  was  found  advisable  for  the  sake  of  ad- 
ditional positiveness  of  action. 

It  will  be  observed  that  any  accidental  ground  on  the  line  will 
not  cause  a  permanent  "  off  normal,"  as  is  the  case  with  local 
lines  in  the  three-wire  system,  since  the  automatic  apparatus 
in  the  local  exchange  returns  to  normal  upon  the  ground  clear- 
ing, by  means  of  a  release  action  in  the  apparatus-set.  This  is 
particularly  forturiate,  since  long,  exposed  toll  lines  are  always 
subject  to  accidental  contacts  of  this  nature. 

One  valuable  feature  in  these  repeaters  is  that  any  number 
of  stations  on  the  line  may  be  equipped  with  automatic  calling 
devices,  or  the  more  important  ones  may  be  thus  equipped, 
and  the  rest  allowed  to  operate  on  the  line  in  the  normal  way 
only.  Thus  the  ordinary  operation  and  efficiency  of  the  line  is 
not  affected,  the  automatic  feature  being  simply  an  added 
convenience  and  time  saver  to  the  stations  emplojdng  it. 

The  toll  operator  endeavors  to  check  closely  and  time  all 
switches  called  directly  by  automatic  means  by  the  distant 
operator,  but  in  the  event  of  heavy  traffic  on  other  lines  under 
her  care,  can  ignore  the  automatic  lines  and  still  not  lower  the 
standard  of  service  to  patrons,  as  no  calls  are  retarded  and  the 
distant  operator  at  the  calling  office  is  led  to  assume  that  her 
operating  is  being  constantly  supervised. 

A  vital  condition  manifesting  itself  in  long-distance  automatic 
operation,  which  does  not  occur  in  local  automatic  operation, 
is  that  to  insure  quiet  long-distance  lines  it  is  necessary  to  in- 
troduce a  repeating  coil  in  the  circuit  between  the  long-distance 

Digitized  by  VjOOQIC 


1913J  AUTOMATIC  TELEPHONE  1329 

line  and  the  local  automatic  equipment,  that  is,  in  the  re- 
peater apparatus-set.  Also,  to  insure  that  impulses  from 
the  long  lines  shall  be  of  the  character  to  properly  ac- 
tuate the  switch  apparatus  in  the  local  automatic  ex- 
change, some  method  of  adapting  such  impulses  coming 
from  the  long  lines  to  the  adjustment  used  for  the  short 
local  lines  must  be  provided.  This  is  done  in  the  repeater 
relays  contained  in  the  apparatus-set.  It  is  found  in  practise 
that  permanent  adjustments  can  be  made  so  that  changes  are 
rarely  necessary,  even  for  great  differences  in  line  leakage — 
such  as  from  dry  to  heavy  weather. 

The  longest  line  equipped  for  automatic  operation  is  from 
Corvallis  to  Portland,  via  Albany,  a  distance  of  96  miles 
(154  km.).  Albany  also  obtains  automatic  service  over  the 
same  line  to  Portland.  The  line  is  No.  8  B.  &  S.  copper  to 
Albany,  a  distance  of  84  miles  (135  km.),  and  is  No.  12  B.  &  S. 
copper  from  Albany  to  Corvallis,  a  distance  of  12  miles  (19  km.). 

In  the  circuits  used,  both  limbs  of  the  line  have  been  reserved 
for  signaling  and  controlling  the  various  circuit  changes.  How- 
ever, the  circuits  have  been  designed  to  admit  of  ready  change 
so  that  only  one  limb  of  the  line  would  suffice,  allowing  the  re- 
maining Umb  to  be  used  for  telegraphic  service  if  desired.  Modi- 
fications may  be  made  to  permit  the  operation  of  phantom 
circuits  as  well.' 

At  Portland  and  Tacoma  a  distributing  board  (Fig.  10)  is 
provided  for  the  convenience  of  the  chief  operator,  permitting 
the  answering  jacks  to  be  re-arranged  for  night  switching  or  for 
the  distribution  of  traffic,  the  lines  on  the  multiples  remaining 
permanent. 

Supplementing  the  automatic  and  remote  control  methods 
in  coxmection  with  toll  lines,  conveniences  have  been  provided 
to  facilitate  the  general  operating  as  far  as  possible,  so  that  the 
least  manual  effort  is  required  in  handling  traffic.  Such  saving 
not  only  conserves  the  operator's  time,  and  speeds  up  switching 
and  service,  but  it  greatly  conserves  the  time  of  toll  lines — the 
operating  company's  only  stock  in  trade.  At  Portland  and 
at  Tacoma,  the  company's  largest  offices,  call  wires  are  provided 
from  all  operator's  positions  to  all  operator's  positions.  Listening 
keys  cut  off  all  listening  keys  on  the  cord  sets  ahead,  so  it  is 
impossible  to  cut  two  conversations  together  by  accidentally 
getting  two  listening  keys  thrown,  and  thus  demands  less  atten- 
tion and  care  on  the  part  of  operators.  At  the  right  of  the  cord 
Ustening  keys  is  the  supervisory  key  with  a  posi^^i^^^^^lj^ir^  jIc 
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lamp  associated  therewith,  the  relay  controlling  the  lamp  being 
mounted  on  the  imder  side  of  the  keyshelf ,  so  that  the  closing 
of  it  will  make  enough  noise  to  quickly  attract  the  attention  of 
the  operator  to  the  signal.  Shotdd  the  called  operator  be  listen- 
ing to  a  conversation  at  the  time,  she  throws  the  supervisory 
key  cam  to  the  front  position,  which  places  her  in  connection 
with  her  call  wire,  cutting  off  the  cord  listening  keys,  and  when 
through  she  ret\ims  it  to  the  center  position,  when  she  is  again 
supervising  the  cord  conversation — the  cord  listening  keys 
not  having  been  disturbed.     The  rear  position  of  the  super- 
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Fig.   10 — Office  Line  Circuit  at  Portland  and  Tacoma 


visory  key  allows  unobstructed  listening  and  talking.  The 
center  or  supervisory  position  of  the  key  short-circuits  the 
secondary  of  the  operator's  telephone  induction  coil  and  cuts 
in  a  3000-ohm  non-inductive  resistance.  Non-inductive  re- 
sistance is  used  in  lieu  of  inductive  resistance,  since  the  speech 
may  be  further  attenuated  without  rendering  it  unintelligible. 
It  is  not  necessary  to  restore  a  listening  key  on  a  conversation 
should  an  operator  desire  to  converse  with  another  local  toll 
operator — she  simply  depresses  the  corresponding  order  button, 
the  cord  listening  keys  being  cut  off  by  a  relay  before  she  gets 
the  order  wire  connection ;  this  operation  being  effective  regard- 


Digitized  by 


Google 


19131  AUTOMATIC  TELEPHONE  1331 

less  of  the  position  of  the  supervisory  key.  All  supervisory 
circuits  are  so  designed  that  no  noise  is  discernible  to  conversers 
to  whom  an  operator  may  be  listening,  from  any  manipula- 
tion of  the  supervisory  key  or  order  buttons.  Operators  can 
listen  on  front  or  rear  cords  independently,  and  that  without 
first  restoring  the  regidar  cord  listening  key  of  the  set;  that  is, 
the  cords  can  be  cut  in  both  directions  with  the  normal  listening 
key  thrown  to  the  listening  position. 

Reliability  of  action  has  been  a  first  consideration  in  devising 
the  equipment  described.  Although  a  circuit  in  which  a  number 
of  functions  are  combined  in  one  relay  may  look  simpler  in  the 
circuit  diagram  and  may  even  have  a  lesser  first  cost,  by  provid- 
ing several  relays  with  simpler  and  more  positive  action  the 
reliability  of  the  apparatus  may  often  be  increased  and  main- 
tenance reduced. 

In  dealing  with  local  exchange  equipment  the  increased  first 
cost  due  to  elaborate  equipment  would  be  a  fatal  condition 
where  the  revenue  per  line  is  comparatively  small,  but  where 
long  and  heavy  copper  circuits  on  expensive  construction,  and 
the  timeof  operators,  are  concerned, the  revenue  running  to  several 
dollars  per  hour,  the  first  cost  of  an  apparatus-set  as  described  con- 
structed on  apparently  extravagant  lines,  is  a  comparatively  in- 
significant percentage  of  the  total  investment,  and  therefore  a 
relatively  inappreciable  capital  charge.  Aside  from  this  is  the  con- 
sideration of  not  only  greater  service  efiiciency,  but  greater  traffic 
efficiency  as  well;  for  observations  have  indicated  that  the  in- 
creased traffic  possibilities  over  a  given  line  will  show  a  gain 
up  to  100  per  cent,  or  even  more.  The  use  of  the  automatic  devices 
may  thus  in  instances  obviate  the  first  cost  of  additional  outside 
construction,  that  would  otherwise  be  called  for  in  handling  the 
traffic  offered,  together  with  its  increased  operating,  interest, 
and  attendant  maintenance   and  depreciation  charges. 

There  has  always  been  a  great  prejudice  and  conservatism 
against  the  use  of  so-called  **  complicated  equipment  '*  in  con- 
nection with  long-distance  telephone  lines;  perhaps  because  a 
service  can  be  maintained  without  resorting  to  this.  In  long- 
distance telegraph  and  multiplex  telegraph  practise,  we  are 
accustomed  to  complicated  and  sensitive  circuits  that  require 
conscientious  watchfulness  by  expert  attendants.  There  does 
not  appear  to  be  any  well-founded  reason  whatsoever  why  equip- 
ment, requiring  similar  attention  and  equally  as  complicated, 
should  not  be  as  permissible  in  long-distance  telephone  practise 
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with  its  costly  copper  loop  circuits,  if  the  introduction  of  such 
complexities  will  facilitate  service  or  traffic  over  the  lines  on  which 
it  is  introduced,  or  if  it  will  lessen  the  number  of  lines  or  the 
number  of  operators  necessary  to  handle  a  given  traffic,  or 
both. 
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Discussion  on  'Test  op  an  Artificial  Aerial  Telephone 
Line  at  a  Frequency  op  750  Cycles  per  Second'. 
(Kennelly  and  Lieberknecht)  and  ''Automatic  Methods 
IN  Long  Distance  Telephone  Operation*'  (Friendly 
and  Burns),  Cooperstown,  New  York,  June  24,   1913. 

F.  K.  Vreeland:  In  view  of  what  Mr.  Colpitts  has  just  said 
about  the  values  of  Tables  III,  IV  and  V  being  computed,  not 
from  the  actual  constants  of  the  line  given  in  Tables  I  and  II, 
but  from  empirical  constants  derived  by  experiments  with  the 
line  as  a  whole,  and  worked  back  from  Table  VIII  I,  would  ask 
whether  he  can  give  us  any  information  as  to  the  agreement 
of  these  empirical  constants  with  the  actual  measured  constants 
of  the  line? 

B.  H.  Colpitts:  The  authors  give  the  line  constants  in  the 
paper.  I  did  not  call  particular  attention  to  these  tables  because 
in  the  discussion  of  his  results.  Dr.  Kennelly  has  not  used  the 
electrical  constants  of  the  artificial  line  at  760  periods  per  sec, 
in  other  words,  Tables  I  and  II  are  merely  descriptive  of  the 
apparatus  that  he  used. 

Answering  specifically  Dr.  Vreeland's  question,  I  would  say 
if  you  assume  the  **  accepted  mean  values  '*  of  Dr.  Kennelly, 
in  Table  VIII,  that  is,  a  surge  impedance  of  466  \11°  ohms,  and  a 
mean  section  angle  of  (0.235  +  j  1.272.)  are  correct,  the  line  must 
have  the  following  electrical  constants  at  760  periods  per  sec. 

Effective  resistance 119  ohms; 

Effective  inductance 0 .0926  henrys; 

Effective  capacitance 0 .670  mf. 

Effective  leakance 164  micromhos. 

D.  C.  Jackson:  While  this  desirable  and  interesting  paper 
relates  to  a  test  of  an  artificial  aerial  telephone  line  using  currents 
having  a  frequency  of  760  cycles  per  second,  it  is,  nevertheless, 
a  paper  of  just  as  great  interest  and  significance  to  the  man 
who  is  working  in  power  transmission  in  large  bulk  as  to  the  man 
who  is  working  in  power  transmission  in  very  small  bulk;  that 
is,  what  we  call  heavy  power  transmission,  on  the  one  hand, 
and  telephone  transmission  on  the  other.  Of  course,  when  we 
are  working  on  power  transmission  in  large  bulk  we  are  en- 
deavoring to  transmit  a  fundamental  frequency,  and  to  elim- 
inate the  harmonics.  In  the  case  of  the  telephone,  on  the 
other  hand,  the  necessity  is  to  transmit  all  the  harmonics 
preserved  in  substantially  equal  degree  over  a  large  range  of 
frequencies. 

The  significance  of  this  paper,  then,  is  great  to  both  power 
transmission  men  and  telephone  men.  One  of  the  important 
papers  that  have  come  before  the  Institute  in  relatively  recent 
years  is  the  description  of  an  artificial  line  which  Dr.  Kennelly 
published,  I  think,  a  year  or  two  ago  in  the  Institute  Proceedings. 
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As  I  understand  it,  the  present  paper  embodies  the  results  of 
tests  on  that  same  transmission  line,  and  it  contains  another 
demonstration  that  the  formulas  including  the  hyperbolic 
trigonometrical  functions  are  highly  accurate  for  the  compu- 
tation of  transmission  lines.  That  has  been  very  well  proved 
previously  by  actual  telephone  circuits. 

As  far  as  heavy  transmission  service  is  concerned,  the  fre- 
quencies are  so  low  and  the  lines  so  relatively  short  that  practise 
has  not  yet  gone  far  enough  to  meet  a  quarter  wave  length  or 
half  wave  length  in  actual  practise,  but  we  are  surely  coming 
to  it,  and  it  is  essential  that  these  formulas  shall  be  studied 
by  transmission  engineers. 

F.  K.  Vreeland:  It  is  exceedingly  interesting  to  me  to  note 
the  close  agreement  between  Dr.  Kennelly's  experimental 
results  and  the  computed  values,  though  it  would  be  still  more 
interesting  if  the  computed  magnitudes  were  computed  from 
the  beginning  instead  of  being  worked  back  from  tests  on  the 
completed  line.  As  everybody  knows  who  has  had  occasion 
to  work  with  questions  of  line  propagation,  the  artificial  line 
is  a  very  valuable  experimental  adjunct,  but  I  think,  perhaps, 
we  have  all  felt  some  doubt  as  to  how  closely  the  predicted 
results  of  the  artificial  line  agree  with  those  we  get  in  real 
practise.  Dr.  Kennelly's  tables  and  diagrams  of  computed 
and  observed  magnitudes  show  the  degree  of  divergence  of  the 
"  lumpy "  artificial  line  from  an  equivalent  uniform  line, 
but  they  do  not  show  to  what  extent  the  performance  of  an 
artificial  line  may  be  predicted  from  predetermined  line  con- 
stants. Mr.  Colpitts  has,  however,  thrown  some  light  on  this 
feature.  I  notice  from  the  figures  Mr.  Colpitts  has  given  us 
that  there  is  a  close  agreement  between  the  empirical  constants 
of  the  line  which  are  computed  back  from  Dr.  Kennelly's 
experimental  results  and  the  actual  values  given  in  Table  II, 
except  in  one  very  important  respect,  namely,  the  apparent 
-  resistance.  Mr.  Colpitts  gave  the  apparent  resistance  per 
section  computed  back  from  Table  VIII  as  119  ohms,  whereas 
Dr.  Kennelly  gives  the  measiu-ed  value  at  760  cycles,  as  33 
ohms.  Dr.  Kennelly  points  out  a  large  discrepancy  between 
this  33  ohms  at  760  cycles  and  the  measured  apparent  resistance 
of  125  ohms  at  60  cycles,  which  is  closer  to  the  empirical  value, 
119  ohms,  obtained  by  calculating  back,  than  it  is  to  the  meas- 
ured value  of  33  ohms  at  760  cycles.  This  discrepancy  is 
'  siu'prisingly  large.  Can  Mr.  Colpitts  tell  how  Dr.  Kennelly's 
measurements  were  derived?  Is  the  capacity  the  true  Max- 
wellian  capacity,  that  is  represented  by  a  90-degree  leading 
current  component,  and  is  the  inductance  represented  by  a 
similar  lagging  component  and  the  resistance  by  a  piu-e  energy 
component,  or  do  those  constants  represent  some  of  the  multi- 
tudinous methods  of  measuring  capacity,  inductance  and  appar- 
ent resistance  which  do  not  give  the  true  or  Maxwellian  values? 

E.  H.  Colpitts:  Unfortimately,  I  can  not  authoritatively 
'^nswer  Dr.  Vreeland's  question,  because  I  have  not  discussed 
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the  point  with  Dr.  Kennelly.  I  would  say,  however,  that  the 
computations  which  we  have  made  in  order  to  determine  what 
values  of  line  constants  would  give  the  values  of  surge  impedance 
and  propagation  constant  which  Dr.  Kennelly  found  for  the 
line,  determined  the  effective  constants  at  the  frequency  in 
question.  In  the  case  of  the  effective  resistance,  for  instance, 
the  value  found  may  correspond  to  losses  in  the  copper  conductor 
alone  or  it  would  correspond  to  such  losses  plus  losses  in  an  iron 
core  if  an  iron  cored  coil  had  been  used.  In  the  same  way 
the  capacity  and  conductance  correspond  to  an  ideal  condenser, 
having  the  value  of  capacity  which  I  quotedandshuntedby  an  ideal 
resistance  giving  a  conductance  equivalent  to  the  figure  quoted. 

George  A.  Campbell  (by  letter):  The  paper  refers  to  the 
fundamental  steady  state  constants  of  a  line  as  its  **  surge 
impedance  "  and  its  **  hyperbolic  angle.'*  Our  practise  is  to 
call  these  constants  the  **  iterative  impedance  "  and  the  **  propa- 
gation constant  "  and  these  terms  seem  to  me  preferable  because 
the  first  is  more  exact  and  the  other  is  more  fundamental. 
It  is  a  matter  of  some  importance  that  the  best  terminology 
should  be  standardized,  as  these  constants  occur  in  almost  all 
discussions  of  lines,  whether  uniform,  loaded  or  artificial. 

The  constant  referred  to  as  the  **  surge  impedance  "  applies 
to  a  steady  state  condition  of  the  line  and  has  no  necessary 
connection  with  the  behavior  of  the  line  towards  a  sudden  rush 
of  current.  In  general,  the  ratio  of  the  electromotive  force  to  the 
current  is  not  a  constant  for  an  impulse  or  any  other  unsteady 
state,  so  that  the  conception  of  an  impedance  which  has  proved 
so  useful  in  connection  with  steady  state  phenomena  does  not 
apply  to  transient  phenomena.  Heaviside's  distortionless  circuit 
is  a  striking  exception,  for  with  that  the  current  which  starts 
out  on  the  line  is  always  an  exact  copy  of  the  applied  electro- 
motive force.  If  a  distortionless  circuit  were  loaded  (with 
the  first  load  not  at  the  sending  end)  it  would  have  a  true 
surge  impedance,  which  would  be  the  surge  impedance  of  the 
distorionless  circuit  taken  alone,  but  its  so-called  **  surge  im- 
pedance "  as  that  term  is  used  in  the  paper  would  be  something 
quite  different.  As  this  use  of  "  surge  impedance  **  is  a  mis- 
nomer, it  is  desirable  to  adopt  a  more  exact  term  even  if  it  is 
not  quite  as  short  or  familiar. 

The  term  **  iterative  impedance  '*  is  advocated  for  this  con- 
stant because  the  distinguishing  feature  of  the  impedance  is 
that  it  repeats  itself  if  the  line  is  closed  through  this  impedance 
at  the  far  end.  The  synonyms  such  as  repeating,  periodic, 
cyclic,  were  not  considered  desirable  because  these  terms  are 
in  wide  use  in  connection  with  telephone  theory.  In  mathe- 
matics the  term  is  already  employed  in  this  same  way,  the 
dictionary  definitions  being: 

iterative  function:  *'  a  function  which  is  the  result  of  successive  opera- 
tions with  the  same  operator.'*     (Century). 

"  a  function  resulting  from  successive  operations  with  the  same 
operator."     (Murray). 
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As  applied  to  a  line  the  *'  operator  "  is  the  transformation  due 
to  a  section  of  the  line;  if  the  line  is  uniform  the  section  may  be 
chosen  of  any  length ;  if  the  line  is  of  periodic  recurrent  structure, 
such  as  a  loaded  line  or  an  ordinary  artificial  line,  the  minimum 
section  is  a  periodic  interval.  The  definition  which  we  have 
adopted  is: 

Iterative  impedance:  "the  iterative  impedance  of  a  line  of  periodic 
recurrent  structure  at  a  specified  point,  for  propagation  in  the  specified 
direction,  is  equal  to  the  limit  approached  as  the  line  is  made  infinite 
in  length,  by  the  driving-point  impedance  of  the  line  beginning  at  the 
specified  point  extending  in  the  specified  direction,  and  terminating  in 
any  physically  possible  impedance. 
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Fig.  1 — Amplitude  Curves  for 
e*(«  +  0  =pcis  B 


Fig.  2 — Amplitude  Curves  for 
sinh  X  (a+f)  =p  cis  6 


This  definition  covers  uniform  lines,  loaded  lines  and  artificial 
lines,  which  may  or  may  not  be  symmetrical  in  the  two  direc- 
tions, and  it  has  been  made  to  exclude  the  theoretical  iterative 
impedance  having  a  negative  resistance  component  by  the 
restriction  to  any  physically  possible  impedance  at  the  far  end  of 
the  line. 

(Mathematically  there  are  always  two  iterative  impedances 
for  each  direction  of  transmission,  one  of  which  has  a  negative 
resistance  component;  the  impedances  for  either  direction  are 
equal  to  the  impedances  for  the  other  direction  with  sign 
reversed.) 
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**  Propagation  constant  '*  seems  to  me  to  be  preferable  to 
'*  hyperbolic  angle "  because  our  basic  conception  of  steady 
state  cisoidal  transmission  over  any  periodical  recurrent  line 
is  that  it  is  compounded  of  a  direct  and  a  reflected  wave,  each 
of  which  falls  off  exponentially  from  one  periodic  interval  to 
the  next;  we  never  picture  the  wave  as  being  divided  physically 
into  a  hyperbolic  sine  wave  and  a  hyperbolic  cosine  wave.  In 
the  wave  which  falls  off  exponentially,  the  amplitude  decreases 
in  geometrical  progression  from  section  to  section,  while  the 
phase  lag  increases  in  arithmetical  progression.  This  is  so 
simple  that  it  is  very  easily  grasped.     On  the  other  hand,  the 
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Fig.  3 — Amplitude  Curves  for 
cosh  X  (a+O  =p  cis  fl 


Fig.  4 — Phase  Angle  Curves  for 


amplitude  and  phase  relations  in  a  hyperbolic  sine  or  cosine 
wave  are  so  complicated  as  to  be  grasped  only  with  diflSculty. 
The  usefulness  of  hyperbolic  functions  of  complex  quantities 
in  transmission  theory  is  mainly  confined  to  analytical  work, 
and  it  is  a  matter  of  comparative  indifference  whether  hyper- 
bolic functions  or  circular  functions  of  complex  quantities  are 
employed,  since  any  expression  in  one  form  may  be  read  in 
the  other  form  without  rewriting,  and  upon  clearing  the 
formula  of  imaginary  quantities,  hyperbolic  functions  and  cir- 
cular functions  occur  in  equal  numbers. 
As  hyperbolic  functions  are  analytical  means  rather  than 
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expressions  corresponding  to  any  fundamental  physical  phenom- 
ena, it  does  not  seem  advisable  to  introduce  them  into  the  funda- 
mental terminology,  while  it  does  seem  advisable  to  retain 
for  the  complex  quantity  which  shows  how  the  fundamental 
exponential  wave  varies  in  amplitude  and  phase  the  term 
'*  propagation  constant." 

Curves  of  amplitude,  and  phase  angle  are  shown  by  the 
accompanying  drawings  for  cables  (a  =  l)  and  ideal  open  wire 
lines  (a  =  0)  and  also  for  intennediate  values  of  the  attenuation 
constant  per  wave  length.  For  the  exponential  function  two 
simple  curves  suffice  for  all  cases  by  a  mere  change  in  the  scales 
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Fig.  5 — Phase  Angle  Curves  for 
sinh  X  {a+i)  =  p  cis  d 


Fig.  6 — Phase  Angle  Curves  for 
cosh  X  {a-\-i)=p  cis  0 


employed.  To  picture  the  hyperbolic  function  in  the  same 
way  requires  four  families  of  curves  which  are  comparatively 
complex,  the  individual  curves  becoming  more  and  more  wavy 
with  decreasing  attenuation  per  wave  length. 

R.  S.  Brown:  In  connection  with  the  curves  of  current  and 
voltage  variation  shown  in  Dr.  Kennelly's  very  interesting 
paper  the  author  would  like  to  describe  a  method  he  has  devised 
for  plotting  such  curves  by  graphical  integration.  The  method 
applies  equally  well  to  current  and  voltage  on  transmission 
lines,  and  inasmuch  as  all  the  integration  is  done  graphically 
it  is  unnecessary  to  deal  with  exponential  functions.     It  is 
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not  proposed  as  a  method  for  solving  all  transmission  line 
problems,  as  here  length  of  line  is  usually  a  constant  and  the 
conditions  at  some  definite  point  are  sought.  Such  problems 
are  solved  more  directly  by  the  use  of  tables  of  hyperbolic 
functions,  for  long  lines,  and  approximations  for  short  lines. 
This  method  will  prove  useful,  however,  for  the  solution  of 
lines  at  high  frequency,  such  as  telephone  lines,  which  are 
not  covered  by  the  ordinary  tables,  and  in  all  cases  where  it 
is  desired  to  investigate  conditions  at  progressive  points  along 
the  line,  as  in  the  calculation  of  corona  loss  on  power  lines  by 
the  quadratic  law. 

The  well-known  differential  equations  for  voltage  and  current 
on  a  line  with  uniformly  distributed  constants  are: 

4^  =  z  /  (1) 


dJ 


dj 
Dividing, 

d£    ^  ^_Z_ 
d/  YE 

The  integration  of  this  equation  gives 


=  YE  (2) 


■f"  ^-^  f' 


Y  I  E  AE=Z   I    Idl 

Y(E'-Eo')  =  ZiP-  W) 

..    \  Z  . 
or, 

call  S, 

Let 


,  if  •O  -^  is  the  surge  impedance  of  the  line,   which  we  will 


F  =  VEo"  -  5*  /*  (3) 

The  quantity  F,  then,  is  the  same  for  every  point  on  the  line 
if  the  line  be  free  from  taps. 
Solving  for  /, 


But 


7  =  1.  y/E}  -  F* 


y  =  VzT^  d 
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where    0   is    the   hyperbolic    angle    subtended  by  the  line  in 
vector  radians  per  mile. 


(4) 


Hence 


d£ 
0dl 


=  V(E  +  F){E-  F) 


dE  . 


Since  J  is  a  real  number  it  is  seen  that  the  angle  of  — g-  is 

one-half  the  angle  of  (E  +  F)  plus  one-half  the  angle  of  (£  —  F), 
This  angle  may  be  found  by  bisecting  the  angle  at  the  vertex 


Fig.  1 


Fig.  2 — Plan  View  of  Integraph. 


of  the  triangle  formed  with  dt  F  a&  base  and  {E—  F)  and 
(E  +  F)  as  sides.  The  angle  of  d£  will  then  be  the  angle  of 
0  in  advance  of  the  bisector,  see  Fig.  1.  This  angle  of  d, 
which  we  will  call  ^,  depends  merely  upon  the  construction 
constants  of  the  line. 
If 

Z  =  r+jx 

Y  =  g+jb 


tan  5  =  — 
r 


tan  €  =  — 


v^  =  i  («  +  6) 

For  lines  with  zero  leakage,  g  —  o, 

^  =  45°  +  i  5 
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Here,  then,  is  a  means  of  plotting  the  voltage  curve.  Being 
the  solution  of  a  second  order  diflferential  equation,  it  will  in- 
volve two  constants  of  integration  and  these  are  F  and  £o. 
These  being  laid  off  on  the  diagram,  the  voltage  curve  may  be 
plotted  by  drawing  a  series  of  connected  chords,  starting  from 
the  point  £o-  Each  of  these  chords  will  be  laid  off  with  a 
protractor  ^  degrees  in  advance  of  the  bisector  drawn  to  the 
point.  By  a  similar  construction  the  current  curve  may  be 
drawn,  except  that  in  this  case  the  constants  of  integration 
will  be  G  and  /o,  where 


=  \//.*- 


5* 


(6) 


From  the  foregoing  it  is  seen  that  the  current  and  voltage 
curves  may  be  defined  geometrically  as — The  locus  of  a  point 


Pig.  3 — Elevation  of  Integraph 

which  moves  so  as  to  make  a  constant  angle  with  the  bisector 
of  an  angle  drawn  from  the  point  to  two  fixed  points. 

Obviously  the  accuracy  of  this  method  will  depend  upon  the 
shortness  of  the  chords,  or,  for  a  given  length  of  chord,  upon  the 
radius  of  curvature.  To  increase  the  accuracy  the  author 
has  constructed  an  integraph  as  shown  in  Figs.  2  and  3.  It 
consists  of  two  steel  rods  sliding  through  fixed  supports  at  db  F. 
The  intersection  of  the  rods  lies  over  the  point  E.  Beneath 
the  intersection  is  a  knife-edge  tracing  wheel  which  is  free 
to  move  only  in  the  direction  of  its  plane,  being  constrained 
from  motion  in  the  direction  of  its  axis  by  the  friction  of  the 
knife  edge  on  the  paper.  By  means  of  a  graduated  segment 
and  a  set  screw  the  plane  of  the  tracing  wheel  may  be  set  at 
the  angle  ^  with  the  bisector  of  the  angle,  and  it  will  maintain 
this  angle  as  it  is  moved  over  the  paper,  tracing  out  the  locus 
of  £.  The  paths  of  the  wheel  may  be  preserved  by  placing  a 
piece  of  carbon  paper  over  the  region  to  be  traced.  Aside  from 
dfictrical  curves,  the  instrument  may  be  used  to  plot  any  ellipse, 
or  hyperbola,  since  all  these  curves  obey  the  above  law. 
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This  method  would  be  incomplete  without  being  able  to 
assign  to  any  point  on  the  curve,  the  lengths  of  line  corresponding. 
This  length  is  found  as  follows :  The  integration  of  equation  (4) 
gives 

9/  =  log 


Let 

and 
where 

Then, 
and 


£o+  VjSo'-  Ft 
E  +  V£»-  F*  A  <r> r 


e^(a+jp)l 

a  =  Attenuation  constant 
jS  =  Wave  length  constant. 


al+jPl  =log-5-  4-j(7-  7o) 


iS  ^  =  7  -  7o 


It  may  be  shown  by  analytic  geometry,  taking  F  as  standard 
phase,  that 

Ri—  Ri        A  R 


cos  7  = 


2F  2F 


Ru  Rit  and  F  being  the  scalar  values. 
Hence 


AR  ,Ai?, 


jS  /  =  COS-^  ;r-=,  —  COS-' 


^0 


2  F     ""''     2  F 
Let  the  length  corresponding  to  the  point  £©  be  /©,  then 


/0    =   -jgCOS    '^j 


and 


In  lines  having  zero  leakage,  the  wave  length  constant 


U) 


^^^7f>  v^l+csc5 
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where   V  is  the  velocity  of  wave  propagation,  approximately 
that  of  light.     In  this  case, 

t  =  y  ^  —  la 

«  V  1  +  CSC  0 

Instead  of  plotting  the  current  curve,  the  current  correspond- 
ing to  any  point  on  the  voltage  curve  may  be  f otmd  from  the 
relation 

5/=  V£?-  F« 

The  magnitude  of  the  current  is 

^ "     s 

Ru  Rif  and  5  being  the  scalar  values. 

The  angle  between  current  and  voltage  is  the  angle  between 
the  bisector  and  the  median  of  the  triangle,  plus  J  (8—6) 
degr^s. 

It  is  interesting  to  note  the  limiting  forms  taken  by  the  cur- 
rent and  voltage  curves  tmder  extreme  conditions. 

1.  When  the  frequency  becomes  very  high  the  reactive 
constants,  x  and  ft,  become  large  compared  with  the  constants 
r  and  g  which  dissipate  energy,  and  the  locus  approaches  a 
closed  curve — an  ellipse  with  it  F  as  foci,  ^  =  90  deg. 

2.  When  the  frequency  becomes  very  low  the  dissipative 
constants,  r  and  g,  predominate,  and  the  locus  approaches  a 
hyperbola  with  it  f  as  foci,  ^  =  0. 

3.  When  Iq  —  0  (no  load)  the  locus  of  E  becomes  the  graph 
of  cosh  6 1, 

4.  When  £o  =  0  (short  circuit)  the  locus  of  E  becomes  the 
graph  of  sinh  6 1. 

5.  When  the  line  approaches  infinite  length  the  distorting 
factor,  F,  due  to  the  reflected  wave,  disappears  and  the  locus 
becomes  a  logarithmic  spiral.  This  factor  also  disappears 
when  the  impedance  of  the  load  is  equal  to  the  surge  impedance 
of  the  line,  in  which  case  the  generator  wave  is  entirely  absorbed 
by  the  load  and  no  reflection  ensues. 

6.  When  the  conditions  mentioned  in  5  obtain  and  the  reactive 
constants  predominate,  the  locus  approaches  a  circle. 

The  distortion  noticed  in  Dr.  Kennelly's  curves  for  the  first 
wave  length  or  so  is  due  to  the  reflected  wave.  As  a  greater 
distance  from  the  open  end  is  attained,  the  reflected  wave 
becomes  damped  out  and  all  the  curves  approach  logarithmic 
spirals. 

J.  B.  Taylor:     While  abstracting  his  paper,   Mr.  Friendly 
remarked  that  while  a  technical  engineer  might  be  disposed  to 
object  to  some  of  the  automatic  devices  described,  the  com- 
mercial engineer  would  be  satisfied  that  the  use  of  the  j^dition^oQlc 
devices  and  complications  had  justified  itself.  -y -^u  uy  ^ 
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While  I  have  no  reason  to  assume  that  the  particular  arrange- 
ments described  in  this  paper  may  be  in  any  way  detrimental 
to  the  service,  I  wish  to  remark  that,  in  general,  there  is  some 
risk  in  going  so  far  with  automatic  devices  that  the  actual  tde- 
phone  service  (i.^.,  the  transmission  of  speech  from  one  sub- 
scriber to  another,  neither  of  whom  is  interested  in  the  modes 
of  operation  of  the  devices  by  which  the  commtmication  is 
established)  is  impaired. 

To  illustrate  this  point,  mention  need  only  be  made  of  the 
undesirable  and  frequently  painful,  if  not  dangerous,  nois& 
to  which  we  are  subjected  when  using  telephones  connected 
to  certain  common  battery  systems.  The  original  magneto 
systems,  while  undesirable  in  many  respects,  were  less  noisy. 

H.  M.  Friendly:  In  reply  to  Mr.  Taylor's  remarks,  if  you 
will  look  over  the  circuits  carefully  you  will  find  that  notlung 
has  been  introduced  in  the  circuits  of  the  equipment  which 
will  attenuate  speech  appreciably,  such  as  is  the  case  in  some 
types  of  telegraph  equipments  applied  to  telephone  lines. 

In  regard  to  the  noises  referred  to,  we  have  made  a  particular 
effort  to  avoid  extraneous  noises  of  every  kind;  and  in  the  latter 
part  of  the  paper  our  views  will  be  found  on  that  phase.  I 
agree  with  Mr.  Taylor  very  thoroughly  in  that  extraneous 
noises  on  a  telephone  Une,  the  humming  and  clicking,  are  very 
detrimental  to  service.  The  conversers  will  invariably  pause 
after  a  clicking  sound  and  then  shout  at  each  other  to 
ascertain  if  they  have  been  out  off,  and  it  is  sometimes  a  large 
fraction  of  a  minute  before  they  get  under  way  again  after  the 
disturbance  has  ceased.  In  all  the  apparatus  designed  we  made 
it  a  first  consideration  to  eliminate  disturbances. 

Oberlin  Smith:  It  seems  to  me  that  any  advance  toward 
automatic  service  should  be  welcomed  and  shotild  be  developed 
and  discussed.  We  all  know  there  are  tremendous  difficulties 
in  telephone  exchange  work  of  any  kind,  sometimes  even  in 
pleasing  subscribers. 

Taking  an  optimistic  view,  I  do  not  think  there  is  any  question 
but  what  in  the  sometime  golden  future,  I  will  not  say  when, 
all  telephony  will  be  automatic,  and  we  will  talk  all  over  the 
world  by  merely  arranging  our  own  instrument,  with  its  buttons 
or  levers,  or  what  not,  for  the  connection  desired.  We  should 
welcome  all  improvements  in  this  line  as  steps  towards  the 
ultimate  automatic  telephony  which  may  extend  its  arms  all 
over  a  continent,  if  not  indeed  to  the  ends  of  the  world. 

H.  M.  Friendly:  In  regard  to  the  reliability  of  the  apparatus, 
we  have  not  found  the  apparatus  to  give  serious  maintenance 
trouble  at  all.  The  switch  sets  look  complicated  on  paper, 
though  in  a  period  of  some  months'  test  no  adjustments  were 
made  in  any  manner  to  the  connecting  switch  of  the  through 
switch  switching  set,  though  changes  were  made  in  circuit 
details  on  several  occasions  in  the  development  of  the  apparatus. 
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ELECTROLYTIC    CORROSION    OF    IRON     IN     SOILS 


BY   BURTON   MCCOLLUM   AND   K.    H.    LOGAN 


The  term  electrolytic  corrosion  is  most  frequently  used  to 
indicate  corrosion  caused  by  the  discharge  of  an  electric  cur- 
rent which  enters  the  metal  from  external  sources.  During 
recent  years,  however,  the  theory  has  been  widely  accepted 
that  all  corrosion  in  water  solutions  is  essentially  electrolytic 
in  its  nature,  and  in  consequence  there  have  come  into  use  a 
variety  of  terms  such  as  "  galvanic  action,"  "  stray  current 
electrol3rsis/'  "  self -corrosion,"  etc.,  to  distinguish  between 
the  cases  of  corrosion  originating  from  different  causes.  Thus 
corrosion  of  buried  iron  may  be  due  to  galvanic  action  caused 
by  physical  or  chemical  differences  between  adjacent  points 
on  the  surface  of  the  metal,  to  the  presence  of  foreign  substances 
in  the  soil  such  as  coke,  cinders,  iron  oxides,  etc.,  which  set  up 
local  galvanic  action,  or  it  may  be  due  to  the  discharge  of  electric 
currents  that  have  entered  the  structure  at  some  remote  point. 
In  the  present  paper  the  terms  "  electrolysis  "  and  "  electrolytic 
corrosion  "  are  used  to  designate  corrosion  caused  by  the  dis- 
charge of  electric  current  which  has  entered  the  metal  from  some 
outside  source,  while  all  other  forms  of  corrosion  in  which  the 
electric  currents  originate  within  the  corroding  system  itself 
from  whatever  cause,  are  referred  to  as  "  self -corrosion."  It 
should  be  pointed  out  at  the  outset,  however,  that  these  two 
general  classes  of  corrosion  are  by  no  means  independent  of  each 
other,  since  the  presence  of  either  kind  of  corrosion  generally 
.affects  in  marked  degree  the  nature  and  extent  of  the  other, 
under  a  given  set  of  conditions.  This  mutual  influence  is 
such  as  to  be  of  considerable  practical  importance,  and  in 
particular  it  often  greatly  increases  the  difficulty  of  ohtaimng^ria]c> 
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trustworthy  experimental  data  in  regard  to  electrolytic  corro- 
sion proper. 

The  data  herein  presented  represent  a  portion  of  the  work  done 
by  the  Bureau  of  Standards  in  connection  with  a  more  general 
investigation  of  the  subject  of  electrolysis  and  electrolysis  miti- 
gation, which  has  been  in  progress  for  some  time  past.  The 
present  paper  is  designed  to  deal  only  with  the  fundamental 
laws  governing  electrolytic  corrosion  under  practical  condi- 
tions, and  relates  to  self -corrosion  only  in  so  far  as  it  is  necessary 
to  distinguish  between  the  two  classes.  The  subject  of  the 
prevention  of  electrolytic  damage  is  referred  to  only  incidentally 
when  occasion  requires  in  order  to  interpret  the  significance 
of  results  obtained.  This  matter  of  electrolysis  has  been  given 
much  attention,  but  is  far  too  comprehensive  a  subject  to  be 
dealt  with  in  a  brief  paper  such  as  can  be  presented  here.  It 
will  be  treated  at  some  length,  however,  in  a  report  which  will 
be  issued  shortly  by  the  Bureau  of  Standards,  dealing  exclusively 
with  the  subject  of  electrolysis  mitigation. 

In  studying  the  phenomena  of  electrolytic  corrosion  in  soils 
under  practical  conditions,  many  variables  are  encountered 
which  tend  in  greater  or  less  degree  to  affect  the  results.  Among 
these  may  be  mentioned  the  current  density  at  the  surface  of  the 
metal,  the  moisture  content  of  the  soil,  and  the  presence  of  oxygen 
either  in  the  gaseous  state  or  dissolved  in  soil  waters.  The  latter 
not  only  affects  the  rate  of  corrosion  but  also  affects  the  character 
of  the  end  products  of  the  reactions  and  thus  to  some  ex- 
tent has  a  bearing  on  the  question  of  diagnosing  the  cause  of 
particular  cases  of  corrosion.  The  temperature  of  the  soil  is 
also  important,  particularly  because  of  its  effect  on  the  current 
flow.  In  the  case  of  iron,  the  formation  of  oxides  as  a  result 
of  the  initial  corrosion  may  complicate  matters  because  of 
their  possible  effect  in  stimulating  galvanic  action.  Other 
factors,  such  as  the  mechanical  and  chemical  properties  of  the 
soil,  the  depth  of  burial  of  the  metal,  the  limitation  of  current 
flow  due  to  polarization,  the  formation  of  high-resistance  films 
on  the  siuf ace  of  the  metal,  and  the  pitting  of  the  surface  due 
to  a  variety  of  causes,  may  likewise  act  to  increase  or  decrease 
the  rate  at  which  damage  may  progress,  and  therefore  require 
special  investigation.  Finally,  since  it  is  not  practicable  to 
carry  on  all  experiments  in  the  field  under  practical  condition?, 
it  is  necessary  to  study  the  possible  differences  in  results  that 
may  in  some  cases  occtu-  between  experiments  performed  in 
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the  laboratory  and  in  the  field.  It  is  these  factors  that  are 
dealt  with  in  the  following  pages,  and  while  the  investigations 
have  in  most  cases  not  yet  been  completed,  we  believe  that  the 
data  thus  far  obtained  will  be  of  sufficient  interest  to  justify 
a  report  of  progress  at  this  time. 

While  the  corrosion  of  iron  by  electric  currents  may  be  in- 
fluenced by  a  variety  of  causes,  nevertheless  the  data  to  be 
presented  later  show  that  under  most  practical  conditions  the 
extent  of  the  corrosion  is  largely  a  function  of  the  quantity 
of  electricity  that  is  discharged  from  a  given  surface.  This  is 
a  quantity  that  can  be  readily  measured  under  laboratory 
conditions  and  we  have  therefore  determined,  in  all  cases,  the 
corrosion  as  a  function  of  the  ampere-hour  discharge  from  the 
anode.  The  results  are  expressed  in  terms  of  the  ''  corrosion 
efficiency.'*  If  the  corrosion  of  the  anode  is  the  sole  action  in- 
volved at  the  anode,  then,  according  to  Faraday's  law,  96,540 
coulombs  are  required  to  corrode  one  gram-equivalent  of  the 
metal,  and  the  corrosion  efficiency  is  said  to  be  100  percent.  In 
most  cases,  however,  the  actual  corrosion  noted  is  either  greater 
or  less  than  this  amount,  and  the  percentage  which  the  actual 
corrosion,  in  any  case,  is  of  the  theoretical  amount,  is  called  ^ 
the  "  efficiency  of  corrosion  "  under  those  conditions.  The 
experimental  data  presented  in  the  first  part  of  this  paper  show 
how  the  efficiency  of  corrosion  is  affected  by  the  varying  physical 
conditions  encountered  in  practise.  The  corrosion  efficiencies 
are  in  all  cases  calculated  on  the  assumption  that  the  iron  is 
divalent.  The  experiments  presented  show  that  in  most  cases, 
at  least,  this  is  true,  since,  as  a  rule,  the  corrosion  efficiencies 
observed  have  been  near  or  above  one  hundred  per  cent.  This 
is  therefore  the  logical  basis  on  which  to  figure  the  efficiency 
of  corrosion.  In  those  cases  where  the  corrosion  efficiency  was 
very  low  it  may  have  been  due  in  part  to  the  iron  taking  the 
ferric  state,  and  such  tendency,  when  it  exists,  may  therefore  be 
regarded  as  one  of  a  number  of  possible  causes  of  low  efficiency 
of  corrosion.  The  various  factors  enumerated  above  which 
affect  the  efficiency  of  corrosion  of  iron  in  soils,  are  discussed 
in  detail  in  a  later  part  of  this  paper. 

Arrangement  of  Apparatus 
The  methods  of  conducting  the  experiments  recorded  below 
were  in  general  the  same,  and  may,  therefore,  be  described  once 
for  aU. 
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The  local  earths  used  in  the  laboratory  tests  were  from  virgin 
soil  near  the  laboratory,  sifted  to  remove  stones  and  to  insure 
uniformity.  This  earth  was  mixed  with  the  desired  amount  of 
distilled  water  and  placed  in  tin  cans  which  served  as  cathodes. 
The  bottoms  of  the  cans  were  separated  from  the  earth  by  a 
thick  layer  of  paraflBn  or  other  insulating  material  so  that  the 
discharge  from  the  anode  placed  in  the  center  of  the  can  would 
be  substantially  uniform  and  only  toward  the  sides  of  the  can. 
The  outsides  of  the  cans  were  insulated  from  each  other  by 
several  layers  of  heavy  paraffined  paper.  In  a  ntimber  of  ex- 
periments, however,  the  test  specimens  were  bttried  in  virgin 
soil  out  of  doors  in  order  to  compare  directly  the  corrosion  f otmd 
under  these  conditions  with  the  corrosion  which  resulted  when 
the  tests  were  made  in  the  laboratory. 

Cleaning  op  Anodes 
In  cleaning  the  anodes  and  determining  their  losses,  a  number 
of  precautions  are  necessary.  It  has  been  shown  that  many 
solutions  render  iron  at  least  temporarily  passive.  Such  solu- 
tions are,  of  course,  not  desirable  for  cleaning  iron  previous  to 
a  test.  The  iron  used  was  filed  and  sandpapered  to  remove 
dirt  and  scale,  cut  into  suitable  lengths,  stamped  on  one  end 
for  identification  with  steel  numbers,  and  weighed.  Rubber- 
covered  leads  were  then  soldered  to  the  unnumbered  ends  of 
the  anodes  and  both  ends  covered  with  paraffin  or  pitch.  To 
make  these  stick  to  the  iron  it  is  necessary  that  it  shoidd  be 
rather  hot  when  they  are  applied.  The  specimens  were  then 
thoroughly  washed  with  gasoline  to  remove  any  grease  due  to 
handling  and  finally  dried  with  a  towel.  At  the  close  of  the 
experiment  the  specimens  were  washed  and  brushed  to  remove 
all  loose  dirt  and  then  made  cathode  in  a  two  per  cent  solution 
of  sulphuric  acid  with  a  high  current  density.  To  prevent 
plating  a  non-corrodable  anode  shoidd  be  used.  This  method 
of  cleaning  was  developed  after  various  mechanical  and  chemical 
methods  had  been  tried  with  inconsistent  results,  and  has  proved 
very  satisfactory.  The  specimens  came  from  the  solution 
perfectly  clean  within  ten  to  thirty  minutes  and  careful  tests 
have  shown  that  clean  iron  subjected  to  the  treatment  suffers 
no  loss.*  The  method  seems  very  much  preferable  to  any 
mechanical  method  we  have  tried,  because,  when  the  rust  sticks 
very  tightly  or  the  iron  is  rough,  it  is  impossible  to  remove  the 

*This  does  not  apply  to  cast  iron. 

Digitized  by  VjOOQIC 


1913] 


ELECTROLYTIC  CORROSION 


1349 


corrosion  products  without  scraping  off  some  of  the  iron  with 
them.  In  a  few  instances  where  it  was  not  convenient  to  dean 
the  iron  electrolytically,  as  in  the  case  of  hollow  anodes  too 
small  to  permit  the  interior  to  be  protected  by  inserting  an 
anode,  a  solution  of  ammonitmi  citrate  has  been  used.  This 
latter  method  is  satisfactory  except  in  the  case  of  deep  pits, 
especially  if  a  warm  solution  is  used. 

The  paraflSn  protecting  the  ends 
of  the  specimens  was  removed 
by  gasoline  and  the  pitch  by 
toluol.  The  solder  attaching  the 
leads  was"  melted  and  carefully  wiped 
off.  We  have  also  tried  dissolving 
the  solder  by  mercury  but  the  pro- 
cess is  slow  unless  heat  is  used,  and 
the  result  no  better  than  the  easier 
method. 

Check  Specimens 
Correction   for   the   loss  by  the 
anodes   due  to    self-corrosion    was 
made  by  placing  a  check  specimen 
inside  each  can  and  screening  it  from 
the  anode  by  a  shield  of  glass  or 
paraffined  paper.     Fig.  1  shows  the 
arrangement  of  the  anode  and  check 
Fig.  1-Arrangement    of  specimen.     The  loss  of  the  check 
Anode  and  Check  Specimen  specimen  has  been  deducted   from 
A— Anode  li  in.  diam.;  B— paraf-  the  loss  of  the  anodc  and  the  diffcr- 

fined  paper.  2  layers;  C— check  sped-  enCC  USed  aS  the  loSS  duC  tO  clcctrO- 

men  l|in.  by  iin.  diam.;  E— earth;  .                       n    i.        t.              i    i.        xi.    x 

I— paraffine    i  in.;   L— lead   No.    18  lySlS.       it    Will   be   SllOWn    later   ttiat 

robber  covered;  P — pitch  layer;  S—  j^^g  jQgg  of  a  chcck  Specimen  in  a  Can 

glaas  shield  one  inch  diam.  ;T — ^tincan  ..                     ,     .               •«        «« 

3  in.  diam..  3|  in.  high.  With  an  anodc  IS  considerably  greater 

than  that  of  a  similar  check  speci- 
men in  a  separate  vessel  of  the  same  earth  and  it  seems  there- 
fore that  part  of  the  loss  in  the  former  case  is  du«  to  some 
effect  of  the  current  and  should  be  against  it.  The  corrosion 
efficiencies  foimd  are  therefore  charged  lower  than  if  check 
specimens  in  separate  cans  were  used.  However,  there  are 
several  advantages  in  keeping  the  check  specimen  in  the  can 
with  the  anode,  and  the  increased  loss  on  this  account  is  usually 
small,  compared  with  the  total  loss  of  the  anode.  ^  ^ 
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Determination  of  Ampere-Hours 
To  obtain  the  corrosion  efficiency  it  is,  of  course,  necessary 
not  only  to  determine  accurately  the  loss  of  the  anode,  but 
equally  essential  to  know  the  quantity  of  electricity  discharged 
by  it.  To  obtain  this,  the  specimens  were  so  arranged  that  the 
currents  could  be  read  at  frequent  intervals,  compensation 
being  provided  where  necessary  for  the  resistance  of  the  mil- 
liammeter.  Curves  were  plotted  showing  the  relation  between 
current  and  time,  and  the  area  between  the  curve  and  the 
axes  determined  with  a  planimeter.  While  the  exact  current 
values  between  times  of  observation  are  unknown,  the  areas 
represent  a  value  of  the  ampere-hours  sufficiently  accurate  for 
practical  piu-poses,  and  the  large  number  of  circuits  operating 
at  one  time  made  the  use  of  more  accurate  recording  instru- 
ments out  of  the  question. 

I.  FACTORS  AFFECTING  EFFICIENCY  OF  CORROSION 
1.  Effect  of  Current  Density.  A  number  of  investigators  have 
reported  experiments  showing  that  the  amotint  of  corrosion 
which  results  from  a  given  ampere-hour  discharge  varies  greatly 
from  the  theoretical  amount.  Among  these  may  be  mentioned 
the  work  of  Hayden^  and  of  W.  W.  Haldane  Gee  *  who  worked 
with  high  current  densities,  and  observed  that  there  was  a 
marked  tendency  for  the  iron  to  become  passive,  the  resulting 
corrosion  being  considerably  less  than  the  theoretical  amount. 
In  general,  this  tendency  toward  passivity  was  much  more 
marked  when  the  current  density  was  made  very  high.  These 
experiments  were  carried  out  with  test  specimens  immersed  in 
liquid  baths,  however,  so  that  the  conditions  were  very  differ- 
ent from  those  which  prevail  in  ordinary  street  soils.  Ganz* 
has  reported  the  results  of  experiments  carried  out  in  certain 
soils,  which  showed  that  the  actual  corrosion  observed  was 
much  greater  than  the  theoretical  amount,  in  some  cases  the 
loss  in  weight  being  as  much  as  several  times  the  loss  calculated 
from  Faraday's*  law.  In  these  experiments  very  low  current 
densities  were  used  and  the  earth  contained  considerable  quanti- 
ties of  salt  and  this  may  have  affected  the  result.  The  authors 
have  carried  out  several  series  of  experiments  in  which  the  aim 

1.  Journal  of  the  Franklin  Institute,  Vol.  CLXXII,  p.  295. 

2.  Journal  of  the  Municipal  School  of  Technology,  Manchester,  Vol. 
2.  1910. 

3.  TRANS.  A.  I.  E.  E.,  1912.  Vol.  XXXI.  p.  HftT,,^,,  .^GoOgk 
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has  been  to  maintain  conditions  as  nearly  as  possible  approxima- 
ting those  which  will  be  encountered  in  practise,  both  as  regards 
soil  conditions,  and  current  densities.  The  soil  used  was  a 
virgin  soil  taken  from  a  sparsely  settled  portion  of  the  residential 
district  of  Washington.  An  analysis  was  made  of  a  typical 
sample  of  the  soil  for  those  ingredients  which  are  most  likely 
to  aflFect  corrosion,  the  results  being  shown  at  the  top  of  Table  I 
along  with  the  data  on  efficiency  of  corrosion.  In  determining 
the  current  densities  to  be  used,  values  were  chosen  of  such 
magnitude  as  could  give  rise  to  considerable  injury  within  a 
period  varying  from  a  few  months  to  fifteen  or  twenty  years. 
For  example,  the  highest  value  used  was  about  5  milliamperes 
per  square  centimeter,  which  under  uniform  distribution  and 
at  100  per  cent  efficiency  of  corrosion  would  cause  the  corro- 
sion to  progress  inward  at  the  rate  of  about  5.7  centimeters 
per  year,  which  corresponds  to  a  rate  rarely  exceeded  under 
practical  conditions.  The  minimimi  current  density  used  was 
0.05  milliamperes  per  square  centimeter,  which  corresponds  to 
a  normal  rate  of  corrosion  of  about  one  centimeter  in  17  years. 
These  extreme  ranges  represent,  therefore,  the  limits  between 
which  the  corrosion  is  of  much  practical  importance. 

Several  series  of  experiments  were  made,  the  data  presented 
in  Tables  I  and  I  a  being  typical  of  the  series.  The  corrosion 
efficiencies  under  Table  I  are  for  a  soil  containing  considerably 
less  moisture  than  those  imder  Table  I  a,  which  were  obtained 
in  a  soil  practically  saturated  with  water.  In  the  former  the 
test  specimens  were  all  imbedded  in  samples  of  earth  placed 
in  tin  cans  as  described  above,  while  in  the  second  series  half 
of  the  tests  were  run  with  specimens  buried  to  a  depth  of  about 
2J  ft.  (76  cm.)  in  the  ground  out  of  doors. 

The  data  in  Table  I  are  plotted  in  Fig.  2,  and  those  of  Table 
Ia  are  plotted  in  Figs.  3  and  4,  the  curve  of  Pig.  4  being  a  con- 
tinuation of  that  of  Fig.  3,  but  on  a  smaller  scale.  While  th^ 
points  do  not  lie  on  a  smooth  cxirve,  because  of  a  number  of 
disttu-bing  factors  to  be  discussed  later,  the  trend  of  the  curves 
is  nevertheless  unmistakable.  They  show  corrosion  efficiencies 
varjdng  greatly  with  the  current  density,  the  ranges  being 
from  about  20  to  140  per  cent  for  the  range  of  current  density 
varying  from  about  5  to  0.05  milliamperes  per  square  centi- 
meter, the  lower  corrosion  efficiencies  being  obtained  at  the 
higher  current  densities.  All  of  the  data  in  Tables  I  and  Ia 
are   plotted  as  a  single  curve  in   Fig.   5,   which,  in  spite  of 
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TABLE  I 
RELATION  BETWEEN  CURRENT  DENSITY  AND  EPPICIENCY  OF  CORROSION 

Partial  Analysis  or  Soil  Usbd  in  Tbsts 
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Fig.  2 — Corrosion  Eppicibncy — Current  Density 
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the  irregularities^  in  the  individual  points,  shows  clearly  the 
decided  falling  oflE  in  efficiency  of  corrosion  with  increase  in  cur- 
rent density.  It  is  interesting  to  note  here  that  the  points  in 
Fig.  5  marked  with  an  X  were  taken  out  of  doors  in  native  earth 
while  those  marked  with  dots  and  circles  were  two  separate 

TABLB  u 

CuKisNT  Dbnsitt-Cobrosion  BvncmfCT 

Amma  or  Anodbs.  70.9  sq.  cm.   Timx  ov  Run.  115  Houbs 


Current 

No. 

density  miUi- 

Corroeion 

•mps.  per  eq. 

efficiency 

cm. 

19 

0.034 

124.1 

20 

0.064 

115.0 

21 

0.088 

141.5 

22 

0.120 

123.6 

28 

0.150 

104.6 

24 

0.163 

118.8 

25 

0.206 

125.8 

26 

0.222 

117.1 

27 

0.258 

101.8 

■  28 

0.279 

113.4 

CURRENT  DENSITY-CORROSION  BPFICIBNCY 
72-HouR  Run  »  Saturatbd  Son.  IN  Laboeatokt.  4-27-13  to  4-30-13.   Bzposbd  Amoob 

Abba,  11.78  so.  cm. 


Current  density 

No. 

Miltiampe.  per 

Corroeion 

■q.cm. 

efficiency 

20 

0.48 

102.5 

30 

1.01 

98.1 

31 

1.26 

78.3 

32 

1.84 

102.2 

33 

2.28 

63.6 

34 

2.50 

78.1 

35 

3.45 

52.9 

36 

4.27 

43.6 

37 

4.29 

27.4 

38 

4.72 

20.4 

series  taken  indoors,  using  small  samples  of  earth  in  cans.  The 
agreement  between  the  c^fiEerent  groups  is  fully  as  good  as  that 
between  different  points  of  the  same  group,  which  indicates 
that  the  results  obtained  on  small  samples  in  the  laboratory 
are  substantially  the  same  as  those  obtained  on  specimens 


Digitized  by 


Google 


1354 


McCOLLUM  AND  LOGAN: 


[June  24 


140 

1 

V, 

120 

•r 

■v, 

^ 

■^^ 

K 

H 

Jl 

■^^ 

**- 

.  r 

•z 

OlM) 

C 
III 

Q. 
Ul 

O 

1^     M 

u.  w 

UJ 

o 

S  M 

% 

Q 

.0 

9 

.1 

[> 

.1 

6 

.20 

ja 

current  density  milliamperes  per  sacm. 
Fig.  3 — Corrosion  Efficiency — Current  Density 


IJfl 

-- 

— 

190 

." 

£; 

O|Q0 

^ 

^_ 

O  80 

\ 

s. 

s, 

Ul 

o 

\ 

^ 

o 

teo 

Ss 

s. 

ili~ 

\ 

\' 

§40 

\ 

N, 

-. 

V 

\. 

20 

\ 

0 

1 

2 

4 

6 

CURRLNT  CINSITY  MILLIAMPERES  PER  SaCM. 

Fig.  4 — Corrosion  Efficiency — Current  Density 


Digitized  by 


Google 


1913] 


ELECTROLYTIC  CORROSION 


1355 


buried  in  the  earth  out  of  doors.  This  gradual  change  in  corro- 
sion efficiency  with  current  density  does  not  appear  in  accord 
with  the  restdts  of  Hayden,  Haldane  Gee,  and  others,  whose 
work  with  liqiud  electrolytes  seemed  to  indicate  an  abrupt 
change  in  efficiency  of  corrosion  from  100  per  cent  to  zero  at  a 
critical  current  density. 

It  will  be  noted  that  these  results  do  not  show  as  high  effi- 
ciencies of  corrosion  as  those  reported  by  Prof.  Ganz^,  who  found 
values  ranging  over  500  per  cent.  It  should  be  noted,  however, 
that  the  results  obtained  by  Prof.  Ganz  were  for  the  most  part 
obtained  on  much  lower  current  densities  than  were  used  in 
the  present  experiments.  It  is  seen  also  from  Fig.  5  that  as 
the  lower  current  densities  are  approached  the  curve  tends 
rather  strongly  upward,  indicating  that  if  the  current  density 
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had  been  reduced  to  the  low  value^used  by  Ganz,  the  corrosion 
efiSdencies  might  have  reached  the  high  values  found  by  him. 
As  pointed  out  above,  however,  lower  current  densitiesjthan 
those  used  in  the  present  series,  although  of  great  theoretical 
interest,  are  of  little  consequence  from  the  practical  standpoint. 

2.  Effect  of  Moisture  on  the  Rate  of  Corrosion.  The  following 
experiment  was  tried  to  determine  whether  the  amount  of 
mcMsttire  in  the  soil  affected  the  corrosion  efficiency  of  iron 
buried  in  it: 

A  quantity  of  red  clay  soil  was  air-dried  and  then  distilled 
water  was  added,  a  can  of  earth  taken  out;  more  water  added, 
etc.,  till  twelve  cans  of  earth  had  been  obtained. 

The  ends  of  the  specimens  and  the  bottoms  and  outsides  of 
the  cans  were  insulated  as  in  previous  tests,  and  small  dishes 

4.  Trans.  A.  I.  E,  E..  1912.  Vol.  XXXI..  p.  1167. 
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of  water  placed  inside  the  cans  to  retard  evaporation.  The  six 
cans  were  connected  in  series,  the  sides  of  the  cans  serving  as 
cathodes,  and  a  current  of  two  milliamperes  giving  about  one 
milKampere  per  square  centimeter,  was  maintained  by  daily 
adjustments  for  86  days.  At  the  end  of  this  time  the  resistance 
had  increased  so  much  that  it  was  difficult  to  maintain  the 
current  and  the  specimens  were  therefore  removed,  cleaned  and 
weighed.  The  efficiency  of  corrosion  was  then  computed,  cor- 
rections being  made  for  self-corrosion. 

While  the  current  was  flowing,  samples  of  the  earth,  taken 
when  the  specimens  were  placed  in  the  cans,  were  dried  for 
about  a  week  in  an  oven  at  a  temperature  of  105  deg.  cent,  and  the 
percentage  of  moisture  computed  from  the  loss  of  weight.     The 
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per  cent  of  moisture  is  expressed  in  terms  of  the  earth  before 
drying. 

The  result,  of  this  test  is  given  in  Table  II,  and  plotted  in 
Fig.  6. 

Looking  at  the  curves  of  self  and  electrolytic  corrosion,  it 
will  be  seen  that  where  a  point  on  one  curve  is  too  high,  the 
corresponding  point  on  the  other  curve  is  too  low.  Since  the 
electrolytic  curve  was  obtained  after  natural  losses  had  been 
deducted  it  is  evident  that  part  of  the  irregularities  is  due  to 
incorrect  values  of  the  natural  loss.  However,  the  natural 
loss  is  so  small  that  in  most  cases  it  could  not  accoimt  for  the 
entire  variation  in  the  electrolytic  curve.  Since  all  wrought 
iron  contains  more  or  less  slag  it  is  probable  that  the  presence 
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of  minute  slag  particles  explains,  in  part  at  least,  the  pitting 
and  variations  of  results  from  expected  values. 

The  results  of  these  tests  show  that  the  corrosion  eflSdency 
varies  greatly  with  the  moisture  content  of  the  soil,  being  so 
small  as  to  be  practically  negligible  when  the  soil  is  fairly  dry, 
but  approaching  values  of  the  order  of  100  per  cent  when  the 
soil  becomes  saturated.  In  these  tests  there  was  very  little 
corrosion  when  the  moisture  content  was  below  20  per  cent.  It 
should  not  be  assumed,  however,  that  the  numerical  values  given 
here  will  hold  for  all  soils,  since  there  is  considerable  uncertainty 
as  to  the  conditions  which  actually  prevail. 

In  the  first  place,  the  percentage  of  moisture  required  to  pro- 
duce a  wet  condition  of  the  soil  varies  greatly  with  different 


TABLB  II 
BPPBCT  OP  MOISTURE  ON  CORROSION 


Per  cent 

Loai — granu 

efBdency 

No. 

Percent 
moistwe 

ToUl 

Nattsral 

Blectrical 

corrorion 

16.0 

O.OBO 

0.044 

0.046 

1.1 

20.0 

0.110 

0.040 

0.070 

1.6 

22.6 

0.623 

0.080 

0.684 

18.7 

23.8 

0.716 

0.060 

0.636 

14.0 

26.0 

2.002 

0.078 

1.029 

46.8 

27.6 

1.670 

0.146 

1.434 

88.7 

28.0 

3.102 

0.160 

3.032 

71.2 

81.1 

4.182 

0.121 

4.061 

06.4 

38.8 

4.217 

0.266 

3.062 

02.S 

10 

86.7 

4.646 

0.207 

4.838 

101.0 

11 

37.0 

4.463 

0.836 

4.132 

07.0 

12 

80.4 

4.218 

0.126 

4.003 

06.2 

soils,  so  that  the  percentage  of  moisture  cannot  be  taken  as  a 
measure  of  the  condition  of  dryness.  In  the  red  clay  soil  used 
in  these  tests  the  soil  appeared  to  be  barely  moist  at  15  or  20 
per  cent  moisture;  whereas  in  many  cases  we  have  since  en- 
countered numerous  soils  in  which  10  per  cent  of  moisture 
caused  it  to  appear  quite  wet.  There  may  also  be  variations 
due  to  differences  in  soil  composition  which  affect  the  efficiency 
of  corrosion.  Further,  while  the  average  current  density  in  these 
experiments  was  maintained  practically  constant,  it  is  not  im- 
probable that  the  actual  current  density  varied  considerably. 
When  the  soil  was  practically  saturated  with  water  the  current 
density  would  probably  be  nearly  uniform,  but  as  the  moisture 
content  is  reduced  and  some  of  the  pores  in  the  soil^J^^^^^e^oi^^le 
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there  would  be  a  tendency  for  the  current  to  discharge  locally 
at  the  points  of  contact  between  earth  and  iron,  and  it  appears 
possible  that  this  might  give  rise  to  great  variation  in  the  actual 
current  density  of  the  discharge.  It  has  already  been  seen 
that  at  high  current  densities  the  efficiencies  of  corrosion  tend  to 
become  smaller,  so  that  the  variations  in  efficiency  of  corrosion 
here  observed  as  due  to  changes  in  moisture  content,  may  after 
all  be  due  in  large  part  to  changes  in  current  density.  However 
this  may  be,  the  important  fact  is  that  the  amount  of  corro- 
sion per  ampere-hour  is  likely  to  be  quite  low  in  the  case  of 
fairly,  dry  soils  whereas,  as  the  percentage  of  moisture  approaches 
that  corresponding  to  saturation,  the  corrosion  efficiency  ap- 
proaches 100  per  cent  for  the  particular  value  of  current  density 
used  in  this  series,  namely,  one  milliampere  per  square  centi- 
meter. 

3.  Effects  of  Temperature.  In  order  to  study  the  efiEects  of 
temperature  on  the  efficiency  of  corrosion  of  iron  in  soil,  three 
series  of  experiments  were  carried  out.  In  the  first  of  these, 
the  temperature  of  the  cans  containing  the  earth  samples  was 
maintained  practically  constant  at  between  zero  and  one  deg. 
cent,  by  means  of  an  ice  bath;  the  second  was  run  at  between 
24  and  27  deg.  cent.,  which  corresponds  to  about  average  summer 
temperature  in  soils,  and  the  third  group  was  maintained  at 
between  35  and  40  deg.  cent,  by  means  of  an  automatically 
regulated  oven.  Four  specimens  were  used  in  each  group, 
and  the  current  density  was  maintained  practically  constant 
at. about  0.84  milliamperes  per  square  centimeter. 

The  tests  were  all  run  in  the  same  kind  of  earth,  which  was 
kept  practically  saturated  with  moisture.  The  results  of  these 
tests  are  given  in  Table  III.  An  examination  of  the  values  of 
efficiency  of  corrosion  will  show  that  they  are  practically  in- 
dependent of  the  temperature.  It  appears,  therefore,  that  it  is 
safe  to  assume  that  throughout  the  range  of  temperattires  that  is 
likely  to  be  encountered  under  practical  conditions,  temperature 
variations  have  no  marked  effect  on  the  corrosion  efficiency  of 
iron  in  soils.  This  does  not  mean,  however,  that  temperature 
is  not  an  important  factor  in  electrolysis  under  practical  condi- 
tions, for  the  reverse  is  true;  but  this  grows  out  of  the  effect  of 
temperature  on  the  resistance  of  the  soil  rather  than  on  the 
efficiency  of  corrosion.  It  is  shown  in  a  later  part  of  this  paper 
that  the  resistance  of  soils  varies  with  temperature  in  a  very 
remarkable  manner,  even  within  the  ranges  of  temperature  thsif  ^ 
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are  likely  to  occiir  in  soils  under  ordinary  conditions,  and  that 
the  effect  of  this  change  in  resistance  on  the  current  flow  is  such 
as  to  make  the  actual  amotmt  of  electrolysis  which  may  be 
expected,  vary  greatly  with  temperattu^.  This  matter  is  dis- 
cussed later  under  the  head  of  earth  resistance. 

4.  Effect  of  Depth  of  Burial  on  Efficiency  of  Corrosion,  Inasmuch 
as  the  efficiency  of  corrosion  is  found  to  vary  greatly  under 
different  conditions,  it  was  deemed  advisable  to  investigate 
whether  the  depth  to  which  a  pipe  is  buried  below  the  surface 
would  have  any  effect  on  the  efficiency  of  corrosion.  Accord- 
ingly a  number  of  specimens  were  prepared  and  buried  in  earth 

TABLE  III 
BPPBCT  OP  TEMPERATURE  ON  CORROSION  EPPICIENCY 


No. 

Temperature 

Corrosion 
efficiency 

1 
2 
3 

4 

deg.  cent. 
35  to  40 

Average 

08.2 
103.4 
07.0 
08.4 

00.2 

1 

5 
0 

7 
8 

24  to  27 

Average 

08.2 
07.0 
07.0 
07.0 

07.8 

0 
10 
11 

Oto    1 

Average 

03.8 
06.7 
00.1 

00.2 

Average  current  density  0.84  milliamperes  per  sq.  cm. 


to  distances  varying  from  a  few  inches  to  about  six  feet.  A 
check  specimen  was  provided  in  each  case  to  permit  correction 
for  self-corrosion,  and  it  was  so  shielded  as  to  prevent  the  passage 
of  any  current  through  it.  The  anodes  and  check  specimens 
alternated  with  each  other  in  the  order  given  in  Table  IV.  In 
correcting  for  self -corrosion  the  mean  of  the  losses  on  the  check 
specimens  on  both  sides  of  each  anode  was  used.  The  specimens 
were  buried  in  virgin  red  day  soil  and  were  run  at  an  average 
current  density  of  about  0.056  milliamperes  per  sq.  cm.  for 
about  1490  hours.  The  results  of  the  tests  are  shown  in  Table 
IV  and  plotted  in  Fig.  7,  which  gives  curves  of  both  self -corro- 
sion and  efficiency  of  corrosion  as  a  function  of  depth.  ^  It  wil 
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be  seen  that  the  restdts,  while  somewhat  irregular,  indicate 
that  there  is  but  slight  variation  attributable  to  depth,  although 
there  seems  to  be  a  trend  upward  in  the  case  of  self-corrosion. 
The  variation  in  efficiency  of  corrosion  with  depth  is  probably 
due  to  the  fact  that  the  moisttu^  content  varied  with  depth. 
The  fact  that  no  greater  variation  was  observed  is  doubtless  due 
to  the  fact  that  the  tests  were  carried  out  at  a  time  when  the 
soil  was  fairly  wet,  both  near  the  surface  and  at  greater  depths. 
The  restdts  given  above  on  the  effect  of  moisture  content  indi- 
cate that  if  the  experiments  had  been  made  in  a  fairly  dry  time 
when  there  was  considerable  variation  of  moisture  content  with 
depth,  the  corrosion  efficiency  would  probably  have  shown  a 
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Pig.  7 — Corrosion  Efficiency — Depth 

corresponding  variation.  When  conditions  are  such  that  there 
are  considerable  variations  in  moisture  content  with  depth,  as 
in  a  moderately  dry  time  for  instance,  the  preceding  data  in- 
dicate that  the  efficiency  of  corrosion  would  probably  also  vary 
greatly  with  depth,  being  in  general,  greater  the  greater  the  depth. 
5.  Effects  of  Oxygen  on  Corrosion  of  Iron.  Since,  according  to 
the  electrolytic  theory  of  corrosion,  the  presence  of  oxygen  is 
an  essential  factor  in  the  production  of  self -corrosion  of  iron  in 
the  presence  of  water,  it  might  be  expected  that  the  electrolytic 
corrosion  of  iron  by  stray  currents  would  be  affected  in  a  marked 
degree  by  the  content  of  dissolved  oxygen  in  soil  water.  In 
order  to  investigate  this  point,  ten  anodes  Und  a  corresponding 
nulnber  of  check  specimens  having  an  exposed  area  of  90  sq. 
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cm.  each  were  prepared  in  the*  usual  way  and  con- 
nected in"  series  and  run  on  a  practically  constant  current 
density  of  0.056  milliamperes  per  square  centimeter.  Five 
of  these  jars  were  so  arranged  that  oxygen  bubbled  through 
the  liquid  continuously  throughout  the  entire  experiment,  and 
the  other  five  were  immersed  in  the  water  without  oxygen  being 

TABLE  IV 
EFFECT  OF  DEPTH  OF  BURIAL  ON  NATURAL  AND  ELECTROLYTIC 

CORROSION 
Wrought  Iron  Cylindbss  2  in.  (5.08  cm.)  long  and  If  in.  (3.4  cm.)  in  Diamxtxr,  Pol- 
Odd  Numbers  Carribd  Currxnt.    Even  Numbbrs  arb  for  Natural 
(Corrosion 


Electrical 

L088 

Percent 

No. 

Total  1088 

1088 

theorvtical 

efficiency 

Depth 

1 

0.260  g. 

7.972  g. 

6.990  g. 

114 

Inches 

75 

2 

1.288 

72 

3 

0.475 

8.310 

8.119 

102 

60 

4 

1.024 

66 

6 

7.630 

5.685 

6.280 

91 

68 

6 

0.875 

60 

7 

10.862 

9.929 

8.785 

113 

57 

8 

0.001 

54 

0 

0.422 

8.512 

7.890 

106 

51 

10 

0.820 

48 

U 

8.505 

7.593 

6.959 

109 

45 

12 

0.005 

42 

13 

8.822 

7.866 

6.942 

113 

80 

14 

0.016 

86 

15 

8.225 

7.341 

6.618 

HI 

33 

10 

0.852 

80 

17 

6.800 

5.913 

5.385 

110 

27 

18 

1.120 

24 

19 

7.331 

6.424 

5.780 

111 

21 

20 

0.604 

18 

21 

4.667 

3.993 

3.732 

107 

15 

22 

0.654 

12 

23 

5.002 

4.420 

4.226 

105 

0 

24 

0.600 

6 

Axea  of  surface  70.0  sq.  em. 

Mean  current  density  about  0.059  milliamperes  per  sq.  cm. 

passed  through  them.  At  the  end  of  183  hours  the  experiment 
was  completed  and  the  anodes  were  weighed  and  efficiencies 
of  corrosion  calculated.  The  data  are  given  in  Table  V,  from 
which  it  will  be  seen  that  there  is  considerable  validation  in  the 
efficiencies  of  corrosion  for  the  individual  specimens.  These 
variations  are  so  large  that  the  difference  between  the  average 
of  the  five  specimens  in  the  jars  through  which  oxygen  was 
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passed  (98.5  per  cent),  and  the  average  for  those  specimens 
in  the  remaining  jars  (91  per  cent),  has  but  little  significance.  It 
is,  of  course,  necessary  to  bear  in  mind  in  interpreting  these 
results  that  even  the  water  through  which  oxygen  was  not 
passed,  contained  a  good  deal  of  oxygen  in  solution,  so  that  any 
diflEerences  in  efficiency  of  corrosion  that  might  be  indicated 
would  be  those  due  to  a  somewhat  indefinite  difference  in  the 
oxygen  contained  in  the  water. 


TABLE  V 

EPPBCT  OP  OXYGEN  ON  EPPICIENCY  OP  CORROSION 

CuRRKNT  Density  0.056  Miluampbrbs  pbr  sq.  cm.    Timb  183  hr.    Arba  of  Anodes 

90  SQ.   CM. 
A — OXYGBN   ADDBD 


Per  cent 

No. 

Total  loM 

Self. 

Electrical 

efficiency  of 

corrosion 

loss 

corrosion 

0 

1.248g. 

0.182g. 

1.066g. 

110.7 

1 

1.261 

0.312 

0.939 

97.6 

2 

1.296 

0.330 

0.966 

100.5 

8> 

0.993 

0.067 

0.929 

96.5 

4 

1.128 

0.327 

0.801 

Aver 

87.0 

age      98.5 

B- 

-No  OXYGBN 

Added 

5> 

0.886 

0.030 

0.873 

00.6 

6 

0.940 

0.027 

0.913 

94.9 

7 

0.913 

0.029 

0.884 

91.7 

8 

0.889 

0.030 

0.859 

89.0 

9 

0.895 

0.040 

0.855 

Aver 

88.7 
age       91.0 

1 .   Buried  in  sand. 


In  order  to  check  this  result  more  carefully,  two  series  of  ex- 
periments were  carried  out  in  which  a  much  larger  difference 
in  the  oxygen  content  in  the  two  cases  was  maintained.  In 
each  series  four  specimens  were  used,  two  being  placed  in  tap 
water  and  the  other  two  in  a  10  per  cent  solution  of  sodium 
sulphate.  In  one  series  the  liquids  were  first  boiled  down  to 
half  their  original  volume  in  Erlenmeyer  flasks  to  remove 
oxygen,  and  the  iron  electrodes  inserted  during  boiling.  After 
the  boiling,  an  atmosphere  of  hydrogen  was  introduced  into 
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the  flasks  as  they  cooled  down,  so  that  practically  no  oxygen 
could  have  access  to  the  liquid.  In  the  other  series  air  was 
caused  to  bubble  through  the  liquid  throughout  the  experiment 
so  that  an  abundant  supply  of  oxygen  was  always  present. 
The  results  are  given  in  Table  Va.  From  this  table  it  will  be  seen 
that  there  is  no  appreciable  difference  between  the  eflSciencies 
of  corrosion  in  the  presence  of  oxygen  and  in  the  absence  of 
oxygen,  at  least  in  the  liquid  electrolytes  here  used.  We  have 
reason  to  believe,  however,  that  this  is  not  the  case  when  the 
anodes  are  buried  in  soils,  although  just  why  a  difference  should 


TABLE  Va 

EFFECT  OF  OXYGEN  ON  EFFICIENCY  OF  CORROSION 

Weights 


Per  cent 

No. 

Solution 

Original 

Final 

LOM 

corrosion 
efficiency 

WiTHO 

UT  OXYGBN 

1 

HsO 

61.326g. 

60.624g. 

0.702g. 

06.2 

2 

HiO 

61.670 

50.871 

0.090 

95.8 

3 

10%  NaiSOi 

62.361 

51.651 

0.710 

97.3 

4 

10%  NatSOi 

61.642 

W 

60.035 

ITH  OXYGKN 

0.707 

Averag 

96.9 
e     96.5 

5 

HtO 

61.852 

51.154 

0.608 

96.7 

6 

HtO 

52.725 

52.044 

0.681 

94.7 

7 

10%  Na,S04 

61.467 

50.750 

0.708 

97.0 

8 

10%  NatSO« 

51.034 

60.317 

0.717 

Averag 

98.2 
e    96.4 

Theoretical  loss.  0.730  g. 

Area  of  anodes.  15.2  sq.  cm. 

Corrent  density,  1 .45  milliamperes  per  sq.  cm. 


exist  here  is  not  clear.  That  there  is  a  difference  is  borne  out 
by  a  number  of  tests  we  have  made  with  anodes  buried  in 
earth  in  hermetically  sealed  cans  and  others  buried  in  cans 
exposed  to  the  atmosphere,  conditions  as  to  moisture  content, 
current  density,  etc.,  remaining  the  same.  Whenever  the  tests 
were  continued  for  a  considerable  time  it  was  found  that  the 
efficiency  of  corrosion  in  the  sealed  receptacle  was  in  nearly 
all  cases  considerably  lower  than  when  the  container  remained 
open.    This  effect  is  shown  in  Table  VI. 

The  average  corrosion  efficiency  in  the  closed  cans  was  85.6 
per  cent  while  that  in  the  open  cans  was  10§,.,7,c.J?!?r^_Pent. 
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Whether  or  not  this  difference  is  due  to  the  difference  in  the 
amount  of  oxygen  or  COj  present  of  to  other  causes,  it  affords 
another  indication  of  the  danger  of  drawing  conclusions  from 
experiments  made  in  liquid  electrolytes  as  to  what  would  occur 
in  the  case  of  electrodes  buried  in  soils. 

6.  Effect  of  Oxygen  an  the  End  Products  of  Corrosion.  One 
very  marked  effect  of  oxygen  on  corrosion,  however,  is  its  in- 
fluence on  the  final  products  of  electrolysis.  There  is  a  very 
common  impression  extant  that  the  final  products  of  corrosion 
of  iron  due  to  stray  currents  are  the  black  oxides,  whereas  in  the 
case  of  self -corrosion  red  oxides  are  produced.    This  is  not  in 

TABLE  VI 
CORROSION  EPPICIBNCIES  IN  OPEN  AND  CLOSED  CANS 


No. 

Efficiency  of  corrosion 

Closed  cans 

Open  cans 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 

Avera 

87.9 
77.4 
95.2 
79.9 
95.4 
77.2 
85.8 

ge       85.5 

106.5 
105.5 
105.3 
105.5 

105.7 

Average  current  density,  0.494  milUamx)ere  per  sq.  cm. 
Area  of  anodes,  9 . 4  sq.  cm. 


accord  with  accepted  theories  of  corrosive  processes,  and  the 
following  experiments  have  been  carried  out  in  order  to  demon- 
strate that  in  general  this  is  not  the  case,  although  under  certain 
circumstances  the  tendency  may  be  in  that  direction. 

Pour  tests  were  made  in  which  ingot  iron  was  allowed  to  corrode 
naturally  in  the  absence  of  oxygen,  one  test  being  in  distilled  water, 
two  in  tap  water,  and  one  in  10  per  cent  Naj  SO4  solution.  Four 
tests  were  made  in  which  the  iron  was  allowed  to  corrode  natur- 
ally in  the  presence  of  oxygen,  two  tests  being  in  distilled  water 
and  two  in  tap  water.  Four  tests  were  made  in  which  the  iron 
was  allowed  to  corrode  electrolytically  in  the  absence  of  oxygen, 
the  electrolyte  being  tap  water  in  two  of  the  tests  and  10  per 
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cent  NatSOi  solution  in  the  other  two.  Four  tests  were  also 
made  in  which  the  iron  was  allowed  to  corrode  electrolytically 
in  the  presence  of  oxygen,  two  tests  being  in  tap  water,  and  two 
tests  in  10  per  cent  Nas  SO4  solution. 

The  solutions  were  prepared  practically  free  from  oxygen  by 
boiling  down  to  about  half  their  original  volume  in  Erlenmeyer 
flasks.  The  iron  test  pieces  were  introduced  during  the  boiling, 
and  after  the  boiling  was  stopped  the  flasks  were  closed  off  from 
the  air  and  a  current  of  hydrogen  free  from  oxygen  was  allowed 
to  pass  into  the  flasks  as  they  cooled  down,  thus  keeping  the 
solutions  under  an  atmosphere  of  hydrogen. 

In  the  case  of  the  natural  corrosion  tests  in  the  absence  of 
oxygen,  the  iron  showed  no  corrosion  at  first,  but  after  a  day  or 
two  a  few  spots  of  greenish-black  rust  were  noted,  which  gradu- 
ally became  larger  as  time  went  on,  with  the  formation  of  a  small 
amount  of  yellow  ferric  oxide.  This  was  probably  due  to  the 
fact  that  the  air  gradually  diffused  in  through  the  rubber  con- 
nections. In  the  case  of  the  natural  corrosion  tests  in  the 
presence  of  oxygen,  the  rust  was  soon  apparent  and  consisted 
almost  entirely  of  the  yellow  ferric  oxide.  Thus  we  see  that 
when  oxygen  is  almost  entirely  excluded,  the  ferrous  oxide  pre- 
dominates, and  when  oxygen  is  present,  the  ferric  oxide  pre- 
dominates. 

In  the  case  of  the  electrolytic  corrosion  tests,  the  eight  flasks 
were  connected  up  in  series,  and  a  current  of  about  0 .  026  amperes 
allowed  to  pass  for  about  27  hours.  At  the  end  of  this  time  the 
current  was  stopped  and  the  anodes  were  taken  out  and  weighed 
and  the  loss  in  weight  determined.  It  was  found  that  the  corro- 
sion efficiency  was  practically  100  per  cent  in  all  cases,  calctdat- 
ing  with  iron  having  a  valence  of  two.  In  the  case  of  the  four 
flasks  from  which  air  was  excluded,  the  iron  was  practically 
all  in  the  ferrous  condition,  the  corrosion  products  having  the 
pale  green  color  of  the  hydrated  ferrous  oxide.  Analysis  of 
the  corrosion  products  in  one  of  the  flasks  gave  98.9  per  cent 
ferrous  iron,  the  slight  oxidation  being  probably  due  to  the  un- 
avoidable introduction  of  air  into  the  flask  during  the  removal 
of  the  electrodes  for  weighing.  Through  two  of  the  other  four 
flasks  a  current  of  air  was  allowed  to  bubble  during  the  course 
of  the  electrolysis,  and  in  those  two  flasks  the  corrosion  products 
had  the  reddish  yellow  color  of  the  hydrated  ferric  oxide,  showing 
that  the  iron  was  largely  oxidized  to  the  ferric  condition.  The 
other  two  flasks  were  left  open  to  the  air,  but  air  was  not  bubbled 
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through,  and  in  these  flasks  the  corrosion  products  had  a  darker 
color  and  when  filtered  oflf,  dried,  and  tested  with  a  magnet 
showed  the  presence  of  considerable  magnetic  oxide.  Evidently 
then  the  corrosion  had  proceeded  so  fast  that  there  was  not 
enough  oxygen  present  to  oxidize  the  oxide  completely  to  the 
ferric  condition,  but  in  the  other  case  where  air  was  bubbled 
through  the  solution,  the  solution  was  kept  saturated  with 
oxygen  and  so  the  oxide  was  converted  completely  to  the  ferric 
condition. 

These  restdts  show  that  when  iron  corrodes  electrolytically, 
it  corrodes  as  the  ferrous  oxide  and  that  the  formation  of  higher 
oxides  is  due  to  the  oxidation  of  the  ferrous  oxide  by  the  oxygen 
of  the  air,  tjie  degree  of  oxidation  depending  on  the  rate  of  corro- 
sion and  the  concentration  of  the  oxygen.  If  the  rate  of  corro- 
sion is  relatively  rapid  and  the  concentration  of  the  oxygen  is 
relatively  low,  there  will  be  a  predominance  of  the  lower  oxides, 
i.e.,  the  ferrous  oxide  and  the  magnetic  oxide;  on  the  other  hand, 
if  the  reverse  is  the  case,  i.e.,  if  the  rate  of  corrosion  is  relatively 
low,  there  will  be  a  predominance  of  the  ferric  oxide. 

The  same  explanation  will  apply  to  natural  corrosion.  In 
this  case  the  rate  of  corrosion  is  very  slow  and  so  the  ferric 
oxide  predominates;  and  even  when  the  oxygen  is  almost  en- 
tirely excluded,  the  rate  of  corrosion  is  so  slow  that  there  is  a 
slight  formation  of  ferric  oxide,  although  the  ferrous  oxide  pre- 
dominates. 

From  the  foregoing  it  will  apear  that  the  character  of  the  end 
products  of  corrosion  does  not  depend  essentially  on  the  cause 
of  the  corrosion,  but  that  either  of  the  oxides  may  be  produced, 
both  in  the  case  of  self -corrosion,  and  in  the  case  of  electroljrtic 
corrosion.  It  may,  however,  throw  some  light  on  the  question 
in  many  circumstances,  for  the  reason  that  the  rate  of  natural 
corrosion  of  pipes  imbedded  in  earth  may  usually  be  expected 
to  be  so  low  that  practically  nothing  but  the  ferric  oxides  would 
be  produced,  there  being  enough  oxygen  in  the  soil  waters  to 
oxidize  any  ferrous  iron  that  may  be  formed.  In  the  case  of 
electrolytic  corrosion,  however,  this  will  not  always  be  the  result, 
the  corrosion  being  so  rapid,  especially  under  bad  electrolysis 
conditions,  that  the  supply  of  oxygen  in  the  ground  waters  will 
not  be  sufiicient  to  oxidize  all  of  the  ferrous  iron,  and  the  restilt 
will  be  the  formation  of  a  considerable  amount  of  magnetic 
oxide.  This,  however,  will  no  doubt  be  largely  affected  by  the 
depths  of  the  pipe  below  the  suxface.     The  deeper  the  pipes. 
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as  a  rule,  the  less  would  be  the  available  supply  of  oxygen,  and 
the  greater  would  be  the  tendency  for  the  formation  of  the 
magnetic  oxide.  •  Pipes  very  close  to  the  surface,  even  though 
corroding  very  rapidly  by  stray  currents,  might  still  form  little 
if  any  magnetic  oxide,  because  of  the  abundant  supply  of  oxygen 
that  would  be  available.  Nevertheless,  wherever  a  large  prepon- 
derance of  magnetic  oxide  exists,  while  it  does  not  definitely  prove 
that  the  corrosion  has  been  due  to  stray  cturents,  it  may  usually 
be  regarded  as  a  good  indication  that  the  rate  of  corrosion  has 
been  so  great  as  to  make  it  altogether  probable  that  stray  cur- 
rents have  been  largely  responsible,  unless  soil  conditions,  such 
as  the  presence  of  cinders,  coke,  chemicals,  etc.,  are  such  that 
extremely  rapid  self-corrosion  may  be  indicated. 

7.  Relative  Electrolysis  in  Different  Kinds  of  Iron .  The  question 
as  to  relative  tendencies  of  different  kinds  of  pipe  to  suffer 
damage  due  to  electrolysis  has  often  been  discussed,  and  there 
appears  to  be  a  well-defined  feeling  in  many  quarters  that  a 
marked  difference  of  this  sort  exists.  It  seems  to  be  the  general 
impression  that  cast  iron  pipes  are  much  less  susceptible  to 
electrolytic  damage  than  wrought  iron  or  steel  pipes.  Experience 
indicates  that  cast  iron  pipe  does  off er  less  trouble  from  electrolysis 
than  other  kinds  under  most  conditions.  It  has  long  been  well 
known,  of  course,  that  certain  kinds  of  iron  are  more  resistant 
to  self-corrosion  than  others,  wrought  iron,  as  a  rule,  being  more 
dtirable  under  ground  than  steel,  and  cast  iron  suffering  less 
than  either.  Since  the  experimental  data  presented  later  in  this 
paper  show  that  the  natural  corrosion  is  affected  in  a  marked 
degree  by  the  presence  of  stray  currents,  it  might  reasonably  be 
supposed  that  different  kinds  of  pipes  would  also  suffer  in  widely 
varying  degrees  from  stray  current  corrosion.  In  order  to 
determine  to  what  extent  this  might  be  the  case,  a  considerable 
number  of  experiments  have  been  carried  out,  using  different 
kinds  of  iron  that  are  employed  in  commercial  service  for  under- 
ground pipes.  Four  kinds  of  iron  were  used,  namely,  ingot 
iron,  which  is  the  purest  commercial  iron  known,  wrought  iron, 
machine  steel  and  cast  iron.  Two  series  of  experiments  were 
run  on  cast  iron,  in  one  of  which  the  cast  iron  was  machined  to 
a  clean  surface  and  in  the  other  the  iron  was  used  just  as  it 
came  from  the  mold,  without  removal  of  the  scale.  The  test 
specimens  weighing  about  30  grams  each  were  placed  in  a  red  clay 
soil  practically  saturated  with  water  and  run  in  series  on  a  constant 
current  so  that  the  same  number  of  ampere-hours  was  discharged    j^ 
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from  each  test  specimen.  The  results  are  shown  in  Table  VII. 
Since  the  current  in  all  specimens  was  the  same,  and  the  size 
of  the  test  specimens  practically  the  same,  giving  about  0.2 
milliamperes  per  sq.  cm.,  the  figures  shown  in  the  column  under 
"  electrical  loss "  are  directly  comparable  for  the  diflferent 
kinds  of  iron,  and  show  the  relative  tendency  of  the  iron  to 
corrode  electrolytically  under  conditions  of  the  test. 


TABLB  VII 

COMPARATIVE  CORROSION  EPPICIENCY  POR  INGOT.  WROUGHT  AND  CAST 

IRON  AND  MACHINE  STEEL 


Electrical  loea 

No. 

Total  loM 

(Check  in  can) 

1- 

-Ingot  Iron 

0 

1.704  g. 

0.015  g. 

1,689  g. 

8 

1.678 

0.033 

1.645 

4 

1.848 

0.051 

1.797 

6 

1.660 

0.031 

1.638 

6 

1.791 

0.043 

1.748 

7 

2.243 

0.046 

2.197 

8 

1.665 

0.041 

1.624 

9 

1.583 

0.074 

1.509 

10 

1.688 

0.036 

1.652 

11 

1.713 

0.060 

1.653 

12 

1.706 

0.033 

1.673 

13 

1.676 

0.042 

1.634 

U 

2.167 

0.055 

2.012 

16 

1.661 

0.028 

1.633 

16 

1.679 

0.076 

1.603 

17 

1.674 

0.046 

1.628 

18 

1.648 

0.058 

1.590 

19 

1.647 

0.067 

1.690 

Ave.  0.046 

Ave.  1.605 

2— Mil 

CHINB  STBBL 

20 

1.658 

0.052 

1.606 

23 

1.734 

0.076 

1.650 

24 

1.827 

0.062 

1.765 

25 

1.721 

0.066 

1.655 

26 

1.672 

0.064 

1.608 

27 

1.694 

0.076 

1.618 

28 

1.684 

0.113 

1.571 

29 

1.756 

0.087 

1.669 

30 

1.644 

0.031 

1.613 

31 

1.653 

0.046 

1.607 

32 

1.792 

0.066 

1.726 

33 

1.761 

0.059 

1.502 

34 

1.686 

0.033 

1.653 

35 

1.695 

0.063 

1.632 

36 

1.808 

0.066 

1.742 

37 

1.734 

0.066 

1.668 

88 

1.818 

0.109 

1.709 

30 

1.694 

0.059 

1.635 

Ave.  0.066 

Ave.  1.652   r^ 
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BlectricRl  Ion 

No. 

ToUl  loM 

Self-oorrodon 

(Checks  in  can) 

a— Wrought  Iron 

40 

1.713 

0.160 

1.533 

43 

2.203 

0.077 

2.126 

44 

1.780 

0.065 

1.724 

45 

1.712 

0.068 

1.640 

46 

1.680 

0.117 

1.572 

47 

1.842 

0.004 

1.748 

48 

1.756 

0.116 

1.640 

40 

1.603 

0.060 

1.624 

50 

1.650 

0.048 

1.611 

51 

1.201 

0.114 

1.087 

52 

1.701 

0.124 

1.577 

53 

1.661 

0.068 

1.503 

54 

1.852 

0.055 

1.707 

55 

1.684 

0.068 

1.616 

56 

1.646 

0.050 

1.506 

57 

1.712 

0.078 

1.630 

58 

1.713 

0.076 

1.637 

50 

1.840 

0.080 

1.760 
Ave.  1.606 

Ave.  0.084 

4 — Cast  Iro 

N.  Surfaced 

60 

1.807 

0.120 

1.687 

63 

1.700 

0.305 

1.305 

64 

1.846 

0.108 

1.738 

65 

1.757 

0.283 

1.474 

66 

1.760 

0.177 

1.502 

.67 

1.746 

0.070 

1.667 

68 

1.808 

0.136 

1.672 

60 

1.030 

0.082 

1.857 

Ave.  0.161 

Ave.  1.635 

5-— Cast  Iron  Unsurpaced 

70 

1.712 

0.136 

1.576 

71 

1.435 

0.255 

1.180 

74 

1.810 

0.047 

1.763 

76 

1.700 

0.060 

1.640 

76 

1.868 

0.245 

1.623 

77 

1.710 

0.135 

1.575 

78 

1.662 

0.252 

1.410 

70 

1.712 

0.060 

1.652 

Ave.  0.140 

Ave.  1.553 

An  examination  of  these  figures  shows  that  there  is  but  little 
difference  in  the  amount  of  corrosion  in  the  different  kinds  of 
iron.  This  is  particularly  true  of  the  wrought  iron,  machine 
steel  and  machined  cast  iron,  which  show  respectively  1.696, 
1.652,  1.635  grams  loss.  The  ingot  iron  showed  a  somewhat 
higher  electrolytic  corrosion  than  any  of  the  others,  which  seems 
to  be  somewhat  surprising  in  view  of  the  fact  that  it  has  fre- 
quently been  demonstrated  that  the  self-corrosion  in  the^case^ 
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of  ingot  iron  is  less  than  others.  The  least  corrosion  of  all  was 
in  the  case  of  the  unfinished  cast  iron,  and  this  is  probably  due 
to  the  protective  effect  of  the  scale,  but  even  here  the  difference 
is  hardly  great  enough  to  be  considered  of  practical  importance. 
The  conclusion  that  must  be  drawn  from  these  figures  is  that  the 
efficiency  of  electrolytic  corrosion  of  the  different  kinds  of  iron 
pipes  is  practically  the  same.  If  we  examine  the  columns  show- 
ing the  self-corrosion  in  different  kinds  of  iron  we  find  very 
surprising  differences.  These  check  specimens  were  placed 
in  thecan  along  with  the  anodes  and  carefully  shielded  from  the 
flow  of  current  as  in  all  previous  cases.  An  examination  of  these 
data  shows  that  the  ingot  iron  gave  the  least  self -corrosion  of  all, 
the  average  for  all  the  specimens  being  0.046  grams.  Machine 
steel  came  next  with  a  total  natural  loss  of  0 .  066  grams;  wrought 
iron  is  third  with  0.084  grams;  and  last,  and  most  surprising 
of  all,  the  self-corrosion  of  the  cast  iron  is  very  much  higher, 
being  0. 161  for  the  machined  iron  and  0. 149  for  the  unfinished 
iron.  This  shows  very  little  difference  between  the  finished 
and  imfinished  cast  iron  in  the  matter  of  self -corrosion  in  the 
presence  of  current  flow. 

The  relatively  high  rate  of  self -corrosion  of  cast  iron  as  com- 
pared to  the  other  kinds  of  iron  tested  is  contrary  to  the  gener- 
ally accepted  idea  that  cast  iron  is  more  resistant  to  self -corro- 
sion than  wrought  iron.  It  is  not  improbable  that  this  impres- 
sion in  regard  to  the  superiority  of  cast  iron  has  grown  out  of  the 
fact  that  cast  iron  structures  are  usually  made  relatively  heavy 
and  they  also  tend  to  corrode  more  uniformly  than  wrought  iron 
or  steel,  both  of  which  factors  would  tend  greatly  to  increase  the 
life  of  the  former.  The  principal  cause  of  the  greater  rate  of 
self -corrosion  of  cast  iron  appears  to  be  the  galvanic  action  set 
up  between  the  free  carbon  and  the  iron.  The  carbon  is  distri- 
buted so  uniformly  throughout  the  mass,  however,  that  no 
appreciable  pitting  results,  and  hence  the  corrosion  is  less  con- 
spicuous and  also  less  important  than  the  same  amount  of  corro- 
sion would  be  if  not  uniformly  distributed,  as  is  usually  the  case 
with  most  other  kinds  of  commercial  iron.  It  should  be  pointed 
out  here  that  these  tests  were  carried  out  in  the  same  kind  of  soil 
as  that  used  in  securing  the  data  of  Table  I,  and  the  partial 
analysis  there  given  shows  it  to  be  low  in  chlorides,  sulphates, 
carbonates  and  nitrates.  It  was  likewise  free  from  cinders,coke, 
etc.,  and  hence  is  not  to  be  regarded  as  a  very  corrosive  soil. 
It  is  shown  later  in  this  paper  that  the  chemical  constituents  pn 
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the  soil  have  a  marked  influence  not  only  on  the  total  corrosion, 
but  also  on  the  pitting,  or  uniformity  of  the  corrosion,  so  that 
it  should  not  be  assumed  that  the  relative  values  given  here  will 
hold  for  all  soils. 

The  foregoing  results  show  that  the  different  kinds  of  iron 
do  not  in  themselves  differ  materially  as  regards  their  tendency 
to  corrode  electrol)rtically.  It  would  appear  from  this  that  the 
differences  noted  in  practise,  particularly  in  favor  of  cast  iron, 
are  due  to  various  other  causes,  as  has  already  been  pointed  out 
by  Prof.  Ganz  and  others,  namely,  higher-resistance  joints, 
higher  specific  resistance  of  the  iron,  the  heavier  walls,  and 
a  tendency  to  corrode  more  uniformly. 

8.  The  Effect  of  Certain  Chemicals  on  the  Corrosion  of  Wrought 
Iron  in  Earth.  When  pipes  are  buried  in  the  streets,  they  are 
subject  not  only  to  the  action  of  the  moisture  and  various 
natural  constituents  of  the  soil,  but  also  to  the  effects  of  such 
chenucals  as  may  result  from  the  traffic  on  the  streets,  or  from 
other  sources. 

A  large  amount  of  work  has  been  done  by  other  investigators 
on  strips  of  iron  immersed  in  aqueous  solutions  and  it  has  been 
shown  that  the  resulting  corrosion  is  a  function  of  the  amount  as 
well  as  the  character  of  the  chemical  used.  In  many  cases  the 
tendency  towards  self -corrosion  first  increases  with  the  concen- 
tration and  later  diminishes  very  rapidly,  possibly  to  zero,  when 
the  concentration  is  sufficiently  increased. 

It  is  well  known  also  that  certain  solutions,  such  as 
alkalis,  chromates,  etc.,  tend  strongly  to  inhibit  electrolytic 
corrosion,  at  least  when  such  solutions  are  practically  pure. 
Hayden  has  shown  that  solutions  of  chromates,  for  example, 
tend  to  produce  passivity  in  iron  and  thus  prevent  electrolytic 
corrosion,  but  that  this  passivity  is  destroyed  by  the  addition 
of  a  few  hundredths  of  one  per  cent  of  a  chloride  or  a  somewhat 
greater  quantity  of  sulphate.  It  was  considered  advisable  to 
carry  out  a  series  of  experiments  with  iron  imbedded  in  earth 
to  which  various  chemicals  had  been  added. 

For  these  experiments  a  number  of  acids,  bases  and  salts  as 
indicated  in  Table  VIII  were  secured  and  two  grams  of  each 
were  added  to  300  g.  of  distilled  water.  The  solution  was  added 
to  700  g.  of  air-dried  red  clay,  which  had  been  sifted  through 
a  20-mesh  sieve.  This  earth  contained  initially  about  5  per 
cent  of  moisture,  so  that  the  resulting  mixture  contained  about 
33  per  cent  water,  which  produced  a  fairly  wet  earth.     The 
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whole  was  thoroughly  mixed  and  placed  in  a  quart  tin  fruit  can 
provided  with  a  friction  top. 

The  anodes  were  prepared  as  in  experiments  already  described 
and  vessels  of  water  were  placed  in  the  cans  as  in  previous  ex- 
periments and  the  cans  connected  in  series;  first,  in  one  group, 
finally,  on  account  of  increased  resistance,  in  three.  The  ctir- 
rent  was  adjusted  daily  to  0.005  ampere,  which  gave  a  current 
density  of  discharge  of  about  0 .  45  milliampere  per  sq.  cm. 

At  the  end  of  85  days  the  experiment  was  discontinued,  the 
cylinders  cleaned  as  previously  described  and  the  losses  com- 
puted. 

In  Table  VIII  the  substances  have  been  grouped  according 
to  the  anions  formed. 

Since  in  a  number  of  cases  more  salt  was  used  than  the  water 
could  dissolve,  the  solubility  of  each  chemical  has  been  indi- 
cated. This  is  followed  by  the  number  of  grams  of  the  anhydrous 
salt  used,  per  liter  of  water.  Then  follows  the  chemical  value  of 
the  solution,  i.^.,  the  number  of  grams  of  salt  per  liter  of  water 
multiplied  by  the  hydrogen  value  of  the  anion  and  divided  by  the 
molecular  weight  of  the  salt. 

Then  follow  two  columns  of  values  obtained  from  Hein  and 
Bauer's  "  On  the  Attack  of  Iron  in  Water  and  Aqueous  Solu- 
tions."* The  first  is  the  concentration  of  solution  giving  maxi- 
mum corrosion;  the  second  the  concentration  producing  pas- 
sivity or  minimum  corrosion.  Hein  and  Bauer  suspended  small 
iron  plates  in  beakers  of  solutions  of  concentrations  from  zero 
to  saturation.  Their  researches  in  this  line  are  more  extensive 
than  any  other  work  so  far  reported. 

While  their  experiments  cannot  be  compared  with  the  one 
now  recorded  on  account  of  differences  in  conditions,  the  values 
quoted  may  indicate  at  what  part  of  the  corrosion-concentra- 
tion curve  the  present  tests  were  made,  from  which  we  may 
form  some  estimate  as  to  the  manner  in  which  the  corrosion 
would  have  changed  if  the  concentration  had  been  varied.  The 
efficiency  of  corrosion  is  given  in  the  following  column,  and  this 
is  followed  by  the  natural  loss  in  milligrams  per  sq.  cm.  of  surface 
of  the  iron  per  day. 

Referring  to  the  efficiencies  of  corrosion  given  in  column  8,  it 
will  be  seen  that  with  the  exception  of  chromium  compounds 
the  efficiencies  of  corrosion  are  comparatively  high. 

5.  "  MitUilungen  aus  dem  Kdniglischen  Material  priifungsamt,**,  1908 
Berlin  26,  1. 
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All  of  the  soluble  chromates  seem  to  protect  the  iron  from 
electrolytic  corrosion,  though  this  protection  is  not  quite  com- 
plete. In  the  case  of  chromium  trioxide  the  loss  at  the  anode 
was  slightly  less  than  that  of  the  check  spedmen.  No  signifi- 
cance should  be  attached  to  this  result  until  after  further  investi- 
gation. The  comparatively  slight  protection  shown  by  barium 
chromate  is  no  doubt  due  to  its  very  slight  solubility. 

None  of  the  other  chemicals  which  Friend,  Hein  and  Bauer 
or  Hayden  have  found  to  render  iron  passive  in  solutions  seem 
to  have  been  effective.  Indeed,  excepting  the  chromates,  there 
are  but  two  values  less  than  the  average  corrosion  efficiency 
when  distilled  water  was  used. 

The  anodes  in  cans  containing  chromates  were  blackened  and 
making  the  iron  cathode  in  2  per  cent  H2  S  O4  for  half  an  hour  did 
not  remove  the  discoloration.  The  check  specimens  were  not 
discolored  in  this  way. 

That  the  hydroxids  did  not  protect  the  iron  may  hav^  been 
due  to  the  presence  of  materials  in  the  soils  which  neutralized 
them.  There  was  no  doubt  quite  a  little  CO2  in  the  soil,  since 
it  had  been  dried,  crushed  and  sifted  in  the  laboratory  and  had 
stood  there  in  an  open  barrel  for  some  time,  and  this  may  have 
been  sufficient  to  counteract  the  effect  of  the  hydroxids. 

As  will  be  seen  by  comparing  columns  4  and  7,  the  concentra- 
tions used  in  the  case  of  the  hydroxids  and  carbonates  were  in 
nearly  every  case  greater  than  those  producing  passivity  when 
the  solution  alone  acts  on  the  iron.  The  difference  in  the  results 
may  be  due  to  the  effect  of  the  earth  on  the  solution  or  to  the 
effect  of  the  current.  It  seems  clear,  however,  that  the  condi- 
tions which  prevent  self -corrosion  are  not  in  general  those  which 
will  maintain  passivity  in  the  case  of  anodes  discharging  current 
at  moderate  current  densities.  There  does  not  appear  to  be  any 
very  definite  relation  between  the  corrosion  efficiency  observed 
and  the  self -corrosion.  The  nitrates  and  chlorides,  for  instance, 
show  respectively  103  and  101  per  cent  efficiencies  of  corrosion 
with  corresponding  value  of  self -corrosion  of  0.262  and  0.263 
mg.  per  sq.  cm.  per  day.  The  hydroxids  and  carbonates  show 
lower  corrosion  efficiencies,  namely,  82  and  80  per  cent  respec- 
tively, but  the  natural  corrosion  is  much  higher,  being  0.431 
for  the  hydroxid  and  0.402  for  the  carbonate.  The  soluble 
chromates  show  almost  a  complete  absence  of  electrolytic  corro- 
sion; whereas  the  self -corrosion,  although  smaller  than  in  the  other 
cases,  is  by  no  means  so  small  in  proportion.     It  will  be  seen,        t 
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also,  that  the  corrosion  efficiencies  observed  do  not  agree  with 
the  values  found  by  Hayden*  and  shown  in  column  10.  While 
a  part  of  this  difference  may  be  due  to  the  differences  in  solu- 
tion strength  and  current  density,  it  is  probably  due  for  the  most 
part  to  the  fact  that  the  tests  in  the  present  instance  were  car- 
ried out  with  anodes  imbedded  in  earth,  whereas  the  experiments 
of  Hayden  were  carried  out  in  water  solutions. 

it  does  not  seem  probable  that  a  sufficient  quantity  of  inhibit- 
ing chemicals  can  be  added  to  the  soil  surrounding  a  buried  pipe 
to  protect  it  indefinitely  at  a  reasonable  cost.  To  render  the 
pipe  passive  is  one  problem;  to  maintain  it  passive  against 
fluctuating  or  even  reversing  currents,  regardless  of  the  action 
of  the  soil  and  the  constantly  changing  soil  waters  on  the  solu- 
ble chemical,  is  quite  another. 

A  phenomenon  of  importance  which  is  not  shown  in  the  tabu- 
lated data,  is  the  pitting  of  the  iron.  This  is  usually  attributed 
to  particles  of  impurities  in  the  surface  of  the  iron  or  to  varia- 
tions in  the  soil.  In  these  experiments  the  virgin  soil  was  dried, 
rolled  and  sifted  through  a  20-mesh  sieve.  Enough  solution 
was  added  to  nearly  saturate  the  soil.  All  of  the  cylinders 
were  cut  from  the  same  piece  of  Norway  iron  rod.  It  might 
be  expected,  therefore,  that  the  pitting  would  be  very  similar 
in  all  cases.  This,  however,  was  by  no  means  the  case.  The 
anodes  from  the  nitrate  cans  were  covered  by  a  dark  cheese- 
like layer  which  maintained  the  original  form  of  the  anode. 
When  this  was  pared  off  the  surface  of  the  iron  was  nearly  smooth, 
showing  the  fibrous  structiu-e  of  the  wrought  iron,  but  no  pits. 
The  anodes'in  the  cans  containing  sulphates  were  corroded  al- 
most as  uniformly,  but  the  surface  of  the  cleaned  anodes  was 
brighter  and  somewhat  uneven,  but  with  no  marked  pits.  The 
surface  of  the  anodes  from  the  carbonate  cans  was  more  uneven. 
Pitting  is  noticeable  in  the  case  of  the  hydroxides  and  very 
marked  in  anodes  from  the  cans  containing  chlorides. 

As  has  been  stated,  the  soluble  chromates  blackened  the 
surfaces  of  the  anodes  but  did  not  materially  attack  them  other- 
wise. There  are  no  marked  differences  in  the  appearance  of 
the  check  specimens  except  that  those  from  the  chromate  cans 
remained  bright.  So  marked  are  the  differences  in  the  anodes 
that  in  most  cases  it  is  possible  to  classify  them  by  their  appear- 
ance, without  reference  to  their  numbers. 

As  underground  pipes  are  almost  always  destroyed  by  pitting 

6.   Journalof  the  Franklin  Institute,  Wo\.  112,  p^.T^b.  ^  , 
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rather  than  by  the  amount  of  iron  lost,  a  satisfactory  means  of 
preventing  pitting  would  be  of  great  value.  The  remedy  most 
cofmmonly  suggested  is  the  use  of  a  more  homogeneous  iron. 
Without  doubt  this  would  reduce  the  corrosion  due  to  local 
galvanic  action,  but  the  above  experiments  indicate  that  pitting 
of  buried  iron  is  very  largely  influenced  by  the  nature  of  the 
electrolyte  in  the  soil. 

It  may  seem  that  for  comparing  the  effects  of  different 
chemicals,  quantities  which  are  chemically  equivalent  should  be 
chosen.  A  glance  at  columns  5  and  8  will  show  that  in  a  number 
of  cases  practically  equal  corrosion  efficiencies  occiu*  when  the 
chemical  values  are  very  different.  Indeed,  so  far  as  the  tables 
go,  there  seems  to  be  no  relation  between  chemical  values  and 
corrosion  efficiency. 

It  appears  from  these  experiments  that  solutions  which  pro- 
duce passivity  when  iron  is  immersed  in  them  do  not  protect  the 
iron  against  electrolytic  corrosion  when  the  solutions  are  in 
earth,  and  with  the  exception  of  the  chromates,  no  chemicals 
here  tried  are  of  marked  value  in  reducing  corrosion.  Also  the 
action  of  iron  in  solutions  is  not  a  safe  criterion  of  its  behavior 
when  the  iron  is  made  anode  in  earth  containing  these  solutions. 

9.  Efficiency  of  Corrosion  in  Soils  from  Different  Sources,  While 
the  foregoing  experiments  show  the  effect  of  the  different  factors 
which  influence  electrolytic  corrosion  in  soils,  they  naturally  raise 
the  question  to  what  extent  these  various  factors  are  acting 
in  the  case  of  iron  pipes  subjected  to  electrolysis  under  practical 
conditions.  This  question  seems  to  be  best  answered  by  actu- 
ally carrying  out  experiments  on  electrolytic  corrosion  in  a  great 
variety  of  soils  of  different  kinds,  and  gathered  from  widely 
different  sources,  at  the  same  time  maintaining  the  con- 
ditions as  near  to  practical  conditions  as  possible.  In  order 
to  do  this,  corrosion  tests  were  made  on  a  large  number  of 
samples  of  soils. which  were  gathered  from  various  cities  and 
sent  to  the  Btireau  of  Standards  at  Washington  for  test  as  to 
their  various  physical  properties.  Ninety-seven  such  samples 
were  used  for  these  corrosion  tests,  which  were  taken  from  vari- 
ous places  in  Philadelphia,  Pittsburgh,  Erie  and  Apollo,  Pa.,  St. 
Louis,  Mo.,  Butte,  Mont.,  and  Albuquerque,  New  Mexico. 
Practically  all  of  these  soil  samples  were  taken  from  excavations 
made  for  the  purpose  of  examining  pipes  and  were  taken  at 
about  the  same  depth  as  the  pipe  in  most  instances.  In  all 
cases  the  samples  were  put  at  once  into  hermetically  sealed  cans 
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and  kept  therein  until  ready  for  test.  For  the  purpose  of  making 
the  corrosion  tests,  the  soils  were  divided  into  two  classes.  Those 
soils  from  Philadelphia,  St.  Louis,  Butte  and  Albuquerque  were 
sattu-ated  with  distilled  water  and  kept  so  throughout  the  tests. 
The  current  density  of  the  discharge  averaged  about  0.0002 
ampere  per  square  centimeter.  The  soils  from  Pittsburgh,  Erie 
and  Apollo,  Pa.,  were  tested  with  the  same  moisture  content 
which  they  had  when  taken  from  the  ground,  and  the  current 
density  was  maintained  at  about  0.001  ampere  per  square 
centimeter.  We  thus  have  for  one  set  a  very  wet  soil  and  a 
rather  low  current  density  and  in  the  other  a  rather  high  current 
density  with  what  may  be  considered  as  roughly  average  moisture 
content,  since  at  the  time  the  samples  were  taken  the  soil  was 
neither  unusually  wet  nor  unusually  dry.  The  results  of  these 
efficiency  of  corrosion  tests  are  given  in  Table  IX.  An  examina- 
tion of  specimens  1  to  85,  in  which  the  earth  was  very  wet  and 
the  current  density  low,  shows  quite  high  efficiencies  of  corro- 
sion, the  extreme  ranges  being  87 . 9  per  cent  for  specimen  No,  2 
and  126.3  per  cent  for  No.  30.  All  but  two  show  values  ex- 
ceeding 100  per  cent,  while  the  great  majority  fall  between  100 
per  cent  and  115  per  cent,  the  average  of  all  being  about  107 
per  cent. 

The  figures  in  the  second  group  show  much  lower  values,  the 
extreme  range  being  between  36.3  per  cent  and  104.3  per  cent. 
Most  of  the  values  fall  between  60  and  100  per  cent,  with  an 
average  for  all  specimens  of  about  76  per  cent.  The  difference 
between  the  efficiencies  of  corrosion  shown  by  the  two  series  is 
evidently  due  partly  to  the  lower  moisture  content  and  higher 
current  density  in  the  latter  case.  These  results  are  in  accord 
with  the  data  already  presented  in  which  the  effects  of  moisture 
and  current  density  have  been  studied  separately.  It  should 
be  pointed  out  here  that  while  the  current  density  in  the  second 
series  is  higher  than  may  be  expected  under  average  conditions 
in  practise,  it  is  no  higher  than  would  frequently  be  encountered 
under  moderately  severe  practical  conditions.  From  these  and 
the  preceding  tests  it  will  be  evident  that  under  average  practical 
conditions  we  may  expect  the  corrosion  efficiency  to  be  of  the 
order  of  100  per  cent  when  the  earth  is  very  wet  and  the  current 
density  quite  low,  while  as  the  moisture  content  is  reduced  or  the 
current  density  increased,  the  corrosion  efficiency  falls  off  and 
will  usually  be  found  to  range  between  50  and  110  per  cent,  while 
in  quite  dry  soils,  such  as  might  at  times  be  encountered  in  prac- 
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TABLBJIX 
CORROSION   EPPICIBNCY  TBSTS  ON  SOILS  PROM    DIPPERENT    SOURCES 

A 


Rod 

Total 

Self. 

Electrical 

Theoretical 

Corrosion 

No. 

loss 

corrosion 

loss 

loss 

e£Sciency 

1 

2.294  g. 

0.114  g. 

2.180  g. 

1.867  g. 

116.8 

2 

1.811 

0.170 

1.641 

87.9 

3 

2.147 

0.062 

2.085 

111.9 

4 

2.244 

0.195 

2.049 

110.0 

5 

2.327 

0.090 

2.237 

119.8 

6 

2.203 

0.117 

2.086 

112.1 

7 

2.156 

0.075 

2.081 

111.9 

8 

2.244 

0.175 

•    2.069                                     ;         111.0 

9 

2.273 

0.089 

2.084                                     1         116.7 

10 

2.363    " 

0.133 

2.230 

1         118.8         1 

11 

1.881 

0.064 

1.817 

97.3 

12 

2.103 

0.174 

1.929 

103.4 

13 

2.173 

0.126 

2.047 

1.876 

109.2 

14 

1.992 

0.025 

1.967 

104.8 

16 

2.684 

0.280 

2.304 

122.8 

17 

2.186 

0.041 

2.145 

114.4 

18 

2.207 

0.032 

2.175 

116.9 

19 

2.052 

0.086 

1.966 

104.8 

31 

2.058 

0.091 

1.967 

104.8 

22 

2.187 

0.130 

2.057 

1.871                  109.9 

23 

2.168 

0.203 

1.965 

105.0 

24 

2.091 

0.044 

2.047 

109.4 

28 

2.239 

0.078 

2.261 

1         120.9 

27 

2.398 

0.112 

2.286 

1         122.3 

29 

2.091 

0.068 

2.023 

1.895 

107.0 

30 

2.497 

0.108 

2.389 

126.3 

1           32 

2.190 

0.044 

2.146         < 

103.6 

33 

2.130 

0.079 

2.051         ' 

108.4 

34 

2.068 

0.061 

2.007 

106.0 

37 

2.310 

0.170 

2.140 

113.2 

38 

2.114 

0.097 

2.017 

106.4 

39 

2.362 

0.085 

2.277 

102.4 

1           41 

2.300 

0.026 

2.275 

120.2 

42 

2.313 

0.155 

2.168 

113.7 

43 

2.161 

0.150 

2.011                  1.913 

105.0 

44 

2.148 

0.094 

2.064 

107.3 

45 

2.202 

0.031 

2.171 

113.4 

46 

2.105 

0.182 

1.923 

100.7 

47 

2.257 

0.101 

2.156 

112.8 

48 

2.489 

0.351 

2.138 

111.7 

49 

2.126 

0.022 

2.104      ; 

110.2 

50 

2.177 

0.121 

2.066         1 

107.3 

51 

2.188 

0.122 

2.066 

107.9 

1           ^^ 

2.305 

0.104 

2.201 

116.1 

53 

2.200 

0.148 

2.062 

107.8 

54 

2.250 

0.228 

2.022 

105.7 

56 

2.108 

0.052 

2.066 

107.4 

56 

2.330 

0.117 

2.213 

115.6 

1          57 

2.252 

0.115 

2.137 

111.7 
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TABLE  IX— Continivd 
CORROSION  EFFICIENCY  TESTS  ON  SOILS  FROM   DIFFERENT  SOURCES 


Rod 

Total 

Scli- 

Electrical 

Theoretical 

Corrosion 

No. 

loss 

corrosion 

loss 

lOM 

efficiency 

'     58 

2.206 

0.156 

2.050 

107.2 

50 

2.258 

0.247 

2.011 

105.2 

60 

2.104 

0.133 

2.061 

107.8 

62 

1.318 

0.054 

1.264 

66.2 

63 

2.201 

0.143 

2.059^ 

107.6 

64 

2.242 

0.068 

2.174 

1.866 

117.2 

65 

2.224 

0.167 

2.067 

116.3 

66 

2.205 

0.060 

2.235 

121.0 

67 

2.085 

0.045 

2.040 

~ 

100.0 

68 

2.164 

0.060 

2.104 

113.4 

60 

2.276 

0.181 

2.005 

112.0 

71 

2.225 

0.006 

2.120 

114.7 

72 

2.210 

0.156 

2.054 

110.8 

73 

2.152 

0.020 

2.132 

104.0 

74 

2.070 

0.006 

1.074 

106.4 

76 

2.100 

0.100 

2.000 

112.6 

76 

2.062 

0.038 

2.024 

100.2 

77 

2.200 

0.072 

2.128 

114.6 

78 

2.080 

0.151 

1.038 

104.4 

70 

2.063 

0.114 

1.040 

105.1 

81 

2.286 

0.064 

2.222 

110.8 

82 

2.152 

0.157 

1.005 

107.5 

83 

2.330 

0.135 

2.105 

108.3 

84 

1.706 

0.188 

1.518 

81.8 

85 

2.062 

0.003 

2.050 

111.0 

B— PiTl 

rsBURGH,  Pennsylvania,    Soils* 

4.600 

0.207 

4.303 

4.07 

88.4 

5.100 

0.177 

4.023 

00.2 

3.053 

0.205 

3.658 

74.7 

2.780 

0.220 

2.560 

51.6 

5.210 

0.030 

5.180 

104.3 

4.368 

0.005 

4.363 

87.8 

5.105 

0.140 

5.055 

101.6 

2.822 

0.270 

2.552 

51.4 

3.005 

0.140 

2.865 

57.7 

4.435 

0.145 

4.200 

86.4 

3.510 

0.546 

2.073 

67.2 

4.272 

0.545 

3.727 

72.0 

C—Eri 

B,  Pennsylvania.  Soil* 

4.032 

0.185 

4.747 

4.75 

00.0 

3.400 

0.250 

3.240 

68.2 

4.602 

0.255 

4.437 

04.0 

3.505 

0.120 

3.466 

72.0 

4.777 

0.245 

4.532 

74.4 

18.180 

1.451 

17.720 

80.7 

7.531 

0.040 

7.401 

36.3 

^Current  density,  one  milliampere  per  square  centimeter. 

No.  1  to  37  inclusive  taken  from  Philadelphia.     Nos.  38  to  47  taker,  from  Norristown, 
Pa.     Nos.  48  and  40  from  Albuquerque  N.  M.   Nos.  50  to  84  from  St.  Louis.  Mo 
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tise,  a  much  lower  figure  might  occur.  We  are  convinced  that 
under  average  conditions  of  soil  moisture,  and  with  current 
densities  that  may  be  expected  in  localities  where  electrolysis 
conditions  may  be  considered  moderately  severe,  a  corrosion 
eflSciency  between  50  and  110  per  cent  will  usually  prevail. 
It  will  be  seen  also  from  the  foregoing  data  that  the  decrease 
in  corrosion  eflSciency  due  to  increased  current  density  is  by 
no  means  as  rapid  as  the  increase  in  current,  so  that  within  the 
limits  of  current  density  that  will  usually  be  encountered  in 
practise  the  actual  amount  of  corrosion  will  be  found  to  increase 
with  increase  of  current. 

The  question  may  well  be  raised  as  to  the  reliability  of  corro- 
sion eflSciency  experiments  carried  on  in  earths  in  the  laboratory, 
and  the  extent  to  which  such  results  may  be  considered  as  rep- 
resenting what  would  take  place  in  the  earth  under  normal  con- 
ditions. In  general,  however,  it  will  appear  that  experiments 
made  in  the  laboratory  are  much  more  satisfactory  for  studying 
the  laws  of  corrosion,  because  conditions  can  then  be  much  more 
readily  controlled,  and  it  is  simply  necessary  to  determine 
whether  or  not  the  laws  of  corrosion  are  substantially  the  same 
in  the  case  of  experiments  on  iron  imbedded  in  small  samples 
of  soil  as  they  would  be  if  the  iron  were  imbedded  in  the  earth 
out  of  doors,  all  other  conditions  being  the  same.  This  would 
probably  not  be  true  if  the  experiments  were  continued  over  a 
great  length  of  time  during  which  certain  soluble  constituents  of 
the  soil  in  the  laboratory  specimens  might  become  exhausted 
by  the  corrosive  processes,  but  we  have  ample  reason  to  believe 
that  experiments  thus  made  and  extending  over  a  comparatively 
short  time  represent  quite  closely  what  may  be  expected  to  take 
place  in  the  case  of  pipes  under  actual  conditions.  Numerous 
experiments  have  been  made  on  specimens  of  iron  imbedded 
in  the  earth  out  of  doors  in  order  to  check  this  conclusion  and  to 
guard  against  any  serious  error  that  might  be  introduced  by 
possible  conditions  of  the  soil.  Some  of  the  data  bearing  on 
this  have  already  been  given  in  the  earlier  part  of  this  report 
relating  to  the  eflFects  of  depth  of  biuial  and  of  current  density 
on  eflBdency  of  corrosion,  which  show  that  for  similar  condi- 
tions the  results  for  the  outdoor  tests  do  not  give  results 
materially  diflPerent  from  the  indoor  tests.  Another  series  is 
given  in  Table  X.  In  this  case  a  number  of  specimens  of  iron 
were  buried  in  the  earth  out  of  doors  and  caused  to  carry  cur- 
rent for  several  months,  and  the  eflSciency  of  corrosion  wi 
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determined.  The  current  density  varied  considerably  during 
the  experiments,  due  largely  to  change  in  resistance  of  the  soil, 
but  on  the  whole  the  range  of  current  density  averaged  about 
the  mean  of  the  values  used  in  the  tests  on  effect  of  current 
density  given  above.  The  moisture  content,  of  course,  varied 
considerably  from  time  to  time. 

An  examination  of  Table  X  shows  that  the  efficiencies  of 
corrosion  in  these  outdoor  tests  ranged  between  approximately 
the  same  limits  as  those  carried  on  indoors  for  similar  ranges 
of  moisture  and  current  density.  These  data  afford  additional 
evidence  that  the  results  of  the  corrosion  eflSciency  experiments 
carried  out  on  samples  of  iron  imbedded  in  soils  in  the  laboratory 

TABLE  X 

EPPICIENCY  OF  CORROSION 

Spbcockns  Burikd  in  Ground  Out  or  Doors 


Efficiency  of 

No. 

Total  loM 

Self-corrosion 

Electrical  loss 

corroston 

1 

16.719g. 

0.286g. 

15.433g. 

74.0 

3 

12.153 

0.286 

11.873 

72.8 

6 

4.425 

0.282 

4.143 

61.5 

6 

5.87« 

0.282 

5.507 

73.0 

7 

5.804 

0.280 

5.614 

80.0 

10 

6.374 

0.280 

6.004 

06.3 

11 

2.364 

0.278 

2.086 

83.3 

12 

3.310 

0.278 

3.032 

76.8 
Ave.     77.0 

are  of  substantially  the  same  order  of  magnitude  as  they  would 
be  if  the  iron  had  been  buried  out  of  doors. 

10.  Causes  of  Variations  in  Efficiency  of  Corrosion.  The  causes 
which  give  rise  to  corrosion  less  than  the  theoretical  amount 
according  to  Faraday's  law  have  been  the  subject  of  much 
research  by  numerous  investigators  in  connection  with 
studies  of  passivity  in  iron.  Numerous  theories  have  been 
evolved,  but  comparatively  little  is  definitely  known  in  regard 
to  this  subject.  The  subject  is  too  complicated  and  would  lead 
to  too  much  theoretical  detail  for  us  to  go  into  here.  On  the 
other  hand,  no  attention  has  been  given  to  the  influences  that 
may  be  responsible  for  corrosion  efficiencies  greater  than  100 
per  cent,  and  in  view  of  the  frequency  with  which  these  high 
efficiencies  of  corrosion  occur  it  seems  well  to  present  here  very 
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briefly  a  few  comments  as  to  the  possible  causes  that  may  be 
responsible  for  these  high  values. 

It  has  been  seen  that  the  efficiency  of  corrosion  of  iron  im- 
bedded in  earth  in  many  .cases  exceeds  100  per  cent,  although 
we  have  not  been  able  to  confirm  the  results  of  other  investiga- 
tors previously  referred  to  in  this  paper  who  have  reported 
electrolytic  corrosion  amounting  to  several  times  the  theoretical 
value.  The  highest  values  which  we  have  found  in  our  experi- 
ments have  been  of  the  order  of  150  per  cent,  but  for  the  most 
part  the  corrosion  has  not  been  >;reater  than  20  per  cent  in  excess 
of  the  theoretical  amount.  The  very  large  number  of  cases, 
however,  both  among  the  tests  already  described  and  among 
those  that  follow,  in  which  the  corrosion  efficiency  exceeds  100 
per  cent,  even  after  careful  correction  has  been  made  for  self- 
corrosion,  indicate  quite  clearly  that  the  loss  of  iron  due  to  the 
discharge  of  electric  current  is  in  many  cases  appreciably  greater 
than  the  theoretical  amount.  This  is  a  matter  of  great  import- 
ance and  is  being  given  special  attention  with  the  view  of  throw- 
ing further  light  on  its  causes,  but  much  yet  remains  to  be  done 
before  the  phenomena  can  be  properly  understood. 

Several  causes  suggest  themselves  as  possible  factors  in  pro- 
ducing this  high  efficiency  of  corrosion,  some  of  which  are  dis- 
cussed below. 

a.  The  Formation  of  New  Galvanic  Couples,  It  is  well 
known  that  when  iron  corrodes  in  the  presence  of  water  and 
oxygen,  oxides  of  iron  are  formed  as  end  products.  Under  most 
underground  conditions  these  will  be  deposited  at  the  surface 
of  the  iron  in  more  or  less  irregular  contact  witli  the  iron.  These 
oxides  are  fairly  good  conductors  and  are  also  electro-negative 
against  iron,  so  that  when  a  particle  of  iron  oxide  comes  in 
actual  contact  with  the  iron,  a  galvanic  element  is  formed  which 
tends  to  corrode  the  adjacent  iron.  It  seems  not  improbable, 
therefore,  that  when  a  clean  piece  of  iron  is  subjected  to  the 
discharge  of  electric  current  the  formation  of  the  iron  oxide 
which  results  from  the  initial  corrosion  may  set  up  galvanic 
couples  which  did  not  before  exist  and  thus  greatly  increase  the 
self-corrosion  on  the  specimen. 

The  following  experiments  were  carried  out  to  gain  an  idea 
of  the  effect  of  the  initial  corrosion  products  on  subsequent 
electrolytic  corrosion  and  on  the  self-corrosion  of  the  specimen. 
In  this  experiment,  twelve  two-quart  tin  cans  were  coated  out- 
side with  paraffin,  and  a  layer  of  heavy  paraffined  paper  placed 
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over  the  sides.  The  cans  were  then  nearly  filled  with  red  clay 
which  had  been  air-dried  two  months,  and  sifted  through  a  20- 
mesh  sieve;  300  g.  of  distilled  water  was  added  to  700  g.  of 
this  sifted  earth,  and  the  whole  thoroughly  mixed  before  it  was 
packed  in  the  cans.  This  earth  was  nearly  sattu-ated  with 
water.  For  anodes  and  check  specimens  cylinders  of  J-inch 
(6.3  mm.)  Norway  iron,  2  in.  (5.08  cm.)  long,  were  used.  The 
cylinders  were  carefully  cleaned  and  placed  vertically  in  the 
cans,  the  anodes  in  the  center  and  the  check  specimens  close  to 
the  side,  and  carefully  shielded  from  current  flow.  A  small 
vessel  of  water  was  placed  within  each  can  to  retard  evaporation 
of  the  moisture  in  the  earth. 

The  twelve  cans  were  then  connected  in  series  on  a  115- volt 
circuit,  the  cans  serving  as  cathodes.  The  current  was  kept 
practically  constant  at  10  milliamperes. 

At  the  end  of  429  hours,  eight  cans  were  removed  from  the 
circuit.  Four  of  these  were  set  aside  unopened.  From  the 
other  four  the  cylinders  were  removed,  cleaned,  weighed,  and 
replaced,  and  the  four  cans  were  then  replaced  in  circuit. 

At  the  end  of  686  hotirs  more,  the  cans  were  opened,  the 
cylinders  cleaned,  weighed,  and  the  losses  computed.  When  the 
cylinders  were  washed  in  warm  water,  practically  all  of  the 
rust  came  off,  so  that  it  was  necessary  to  clean  them  electrolytic- 
ally  for  but  a  few  minutes  to  obtain  a  bright  surface. 
.  The  corrosion* of  the  anodes  was  more  tmiform  than  in  most 
previous  experiments,  but  the  corroded  surface  was  somewhat 
uneven,  the  loss  being  greatest  near  the  centers  of  the  cylinders. 
There  was  practically  no  pitting  of  the  check  specimens. 

The  results  of  the  experiments  are  shown  in  Table  XI.  Here 
the  specimens  are  divided  into  three  groups.  A,  B,  and  C.  In 
group  A  the  current  was  kept  on  the  specimens  during  the  first 
period  of  429  hours  and  then  switched  off,  but  the  specimens 
were  permitted  to  stand  in  the  soil  undisturbed  during  the 
second  period  of  686  hours,  after  which  they  were  taken  out  and 
weighed  and  the  efficiency  of  corrosion  determined.  In  this 
case,  if  the  initial  corrosion  due  to  the  electric  current  tended  to 
accelerate  self-corrosion,  we  should  expect  a  higher  eflBdency  of 
corrosion  than  if  the  specimens  had  been  removed  as  soon  as 
the  current  was  shut  off.  In  group  B  the  specimens  also  car- 
ried current  during  the  first  429  hours,  but  were  removed  from 
the  earth,  cleaned  and  weighed  as  soon  as  the  current  was  shut 
o£E  and  then  put  back  in  circuit  again.     If  the  self-corrosion  is 
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greater,  due  to  the  initial  electrolysis,  we  should  expect^that'the 
efficiency  of  corrosion  would  be  smaller  for  the  first  period  in 
group  B  than  was  obtained  for  group  A .  The  table  shows  that 
such  was  the  case,  although  the  difference  is  quite  small  and 

TABLB  XI 
BPFECT  OP  INITIAL  PRODUCTS  ON  SUBSEQUENT  CORROSION 
Area  of  expoaed  metal.  7.6  sq.  cm.     Current  density  about  1.2  milliamperea  per  sq. 
cm.  Moisture  in  soil  about  30  per  cent. 


Gro 

UP  A 

Efficiency  of 

No. 

Total  loss 

Electrical  loss 

corrosion 

2 

4.270g. 

0.085g. 

4.185g. 

102.8 

6 

4.408 

0.085 

4.323 

106.3 

7 

4.366 

0.085 

4.280 

105.2 

12 

4.370 

0.085 

4.285 

105.3 
Ave.    104.8 

Group  B.    1st 

Pbriod 

1 

4.230 

0.045 

4.185 

108.8 

3 

4.226 

0.045 

4.181 

102.7 

13 

4.225 

0.045 

4.180 

102.7 

14 

4.273 

^0.045 

4.228 

108.8 
Ave.    103.0 

SXCOND  PSR 

lOD 

1 

6.316 

0.080 

6.236 

87.8 

3 

6.646 

0.080 

6.565 

02.5 

13 

6.475 

0.080 

6.305 

00.1 

14 

6.823 

0.080 

6.743 

05.0 
Ave.     91.4 

Group 

C 

4 

11.185 

0.140 

11.036 

90.0 

5 

10.658 

0.140 

10.500 

04.3 

8 

10.275 

0.140 

10.126 

00.8 

0 

10.045 

0.149 

10.706 

96.9 
Ave.     95.2 

may  possibly  be  due  to  other  causes.  By  cleaning  these  speci- 
mens and  putting  them  back  in  the  same  soil  in  which  they  had 
previously  nm  and  maintaining  the  same  current  flow  as  before 
during  the  second  period  we  could  determine  whether  there  was 
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any  marked  change  in  the  efficiency  of  corrosion  due  to  changes 
in  the  soil  caused  by  the  flow  of  current.  The  table  shows  that 
there  was  a  marked  difference  here,  the  efficiency  of  corrosion 
being  much  lower  during  the  second  period  than  during  the 
first.  In  group  C  the  specimens  were  permitted  to  remain  in 
circuit  during  both  the  first  and  second  periods  without  inter- 
ruption. 

In  comparing  the  results  obtained  from  these  three  groups  it  is 
significant  that  the  highest  apparent  efficiency  of  corrosion  was 
obtained  when  the  current  was  allowed  to  flow  for  a  time  and 
then  removed  and  the  specimen  allowed  to  remain  in  the  earth 
subjected  to  the  action  of  self -corrosion  during  the  second  period. 
The  next  largest  apparent  eflSciency  was  obtained  when  the 
specimens  were  cleaned  and  weighed  at  the  end  of  the  first 
period  immediately  after  the  stopping  of  the  current.  The 
lowest  efficiency  was  obtained  when  the  cleaned  specimens  of 
group  B  were  rettuned  to  the  same  earth  which  had  been  pre- 
viously used  and  again  connected  in  circuit  during  the  second 
period.  Further,  group  C,  which  ran  continually  throughout 
the  first  and  second  periods,  showed  an  intermediate  value  of 
corrosion  efficiency.  These  results  appear  to  show  that  there 
are  two  opposing  tendencies  at  work,  one  of  which  is  to  increase 
the  corrosion  efficiency  as  in  group  A,  due  to  some  cause  asso- 
ciated with  the  flow  of  current,  and  the  other  a  tendency  to  de- 
crease the  corrosion  efficiency  as  in  group  C,  due  perhaps  to 
depletion  of  certain  ingredients  in  the  electrolyte.  Other 
experimental  data  given  in  this  paper  indicate  that  this  tendency 
for  the  efficiency  of  corrosion  to  decrease  with  time  may  be  due 
either  to  the  exhaustion  of  dissolved  oxygen  or  to  a  loss  of 
moisture  by  the  earth. 

The  check  specimens  used  in  these  experiments  also  show  the 
effect  of  cturent  flow  on  the  self-corrosion  of  check  specimens 
placed  in  the  cans  along  with  the  anodes.  Examining  the  data 
for  group  B  under  the  column  headed  "  Self-corrosion",  we  find 
that  during  the  first  period  the  rate  of  corrosion  was  less  than 
after  the  check  specimens  had  been  cleaned  and  returned  to  the 
same  cans.  By  comparing  the  self -corrosion  in  group  A  with 
those  in  groups  B  and  C,  the  tendency  is  seen  to  be  the  same  and 
even  more  marked.  Further,  by  comparing  the  self-corrosion 
of  group  B  with  that  of  group  C  we  find  that,  although  the  total 
flow  of  current  is  the  same,  the  corrosion  is  considerably  greater 
in  the  latter.     Since  those  of  group  B  were  removed  once  and 
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cleaned,  while  those  of  group  C  were  not,  this  result  seems  to 
support  the  theory  that  the  presence  of  a  small  amount  of  initial 
corrosion  tends  to  stimulate  the  self-corrosion  throughout  the 
remaining  period  of  the  test.  It  should  be  borne  in  mind,  how- 
ever, that  the  figures  on  which  this  statement  is  based  are  sub- 
ject to  such  large  variations  that  they  should  not  be  accepted 
as  conclusive  until  they  have  been  repeatedly  verified. 

b.  The  Depolarizing  Effect  of  Oxygen.  According  to  the 
electrolytic  theory  of  corrosion  all  iron  contains  sufficient  differ- 
ences in  physical  or  chemical  structure  at  different  points  on  its 
surface  to  set  up  local  galvanic  elements  which  are  supposed 
to  be  responsible  for  self -corrosion.  Under  ordinary  conditions 
of  self-corrosion,  therefore,  there  will  be  certain  points  on  the 
surface  which  will  be  anode  points  discharging  current  into  the 
electrolyte  and  corroding  the  iron  and  there  will  also  be,  near 
by,  cathode  points  at  which  the  current  reenters  the  iron.  The 
amount  of  corrosion  which  results  from  these  couples  will,  of 
course,  depend  upon  the  resistance  of  the  local  circuit  as  well  as  * 
on  the  effective  difference  of  potential  which  exists  between 
adjacent  points.     When  current  flows  in  these  local  paths  there 

is  a  tendency  to  form  a  film  of  hydrogen  at  the  cathode  points 
which  diffuses  but  slowly,  and  this  not  only  sets  up  a  counter 
electromotive  force  but  it  likewise  introduces  a  large  amount  of 
additional  resistance  into  the  local  circuit:  In  consequence  of 
this  the  self-corrosion  may  be  said  to  inhibit  itself  to  a  very 
considerable  extent.  If  now  we  superpose  on  this  specimen  an 
electric  current,  making  the  specimen  anode,  more  or  less 
oxygen  will  be  liberated  near  the  surface  of  the  metal  which  may 
react  with  the  hydrogen,  thus  in  effect  depolarizing  the  local 
galvanic  action  and  permitting  much  greater  self-corrosion  in 
the  case  of  a  specimen  discharging  current  than  in  a  case  of  a 
similar  specimen  not  discharging.  This  excess  of  self-corrosion 
would  always  appear,  due  to  the  main  current  flowing,  and  would 
thus  increase  the  apparent  efficiency  of  corrosion.  It  is  easy  to 
see  how  this  effect  could  increase  the  efficiency  of  corrosion  from 
a  low  value  up  toward  100  per  cent,  although  it  would  not  in 
general  tend  to  make  the  corrosion  efficiency  greater  than  100 
per  cent. 

c.  Non-Uniform  Corrosion  of  the  Iron,  When  iron  corrodes 
it  is  always  with  greater  or  less  irregularity.  Pits  may  be  formed 
in  which  a  small  hole  on  the  surface  may  communicate  with  a 
large  chamber  below,  and  this  pitting  may  pursue  such  an 
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irregtilar  course  as  to  eat  entirely  around  particles  of  iron,  caus- 
ing them  to  fall  away  from  the  test  specimen.  This  seems 
particularly  likely  to  happen  in  the  case  of  very  impure  metals, 
which  often  exhibit  a  more  or  less  honeycombed  aspect  after 
long-continued  corrosion.  Since  the  eflSciency  of  corrosion  is 
always  determined  from  the  net  loss  of  weight,  any  particles  of 
iron  that  nwght  be  dislodged  in  this  manner  would  be  charged 
against  the  current  and  in  this  way  the  corrosion  eflSciency  might 
easily  be  made  to  appear  larger  than  100  per  cent. 

d .  Circulation  of  the  Electrolyte.  It  is  well  known  that  if  the 
electrolyte  stirrounding  a  piece  of  iron  be  kept  in  constant  cir- 
culation the  amount  of  self -corrosion  which  restdts  will  be  greater 
than  if  the  electrolyte  remains  practically  still.  When  an 
electric  current  flows  through  an  electrolyte  it  causes  a  migration 
of  the  ions  which  may  increase  the  self -corrosion  of  the  iron  in  a 
manner  analogous  to  circtdation  of  the  electrolyte.  Particu- 
larly, in  the  case  of  an  anode  there  is  a  tendency  for  the  acid 
radicals  such  as  CI,  SO4,  etc.,  to  concentrate  near  the  anode 
surface  and  it  is  well  known  that  liquids  containing  large  amounts 
of  these  radicals,  partictdarly  the  chlorine,  produce  very  rapid 
corrosion  of  the  iron.  Here  again  any  excess  of  self-corrosion 
which  would  be  produced  would  be  charged  against  the  electric 
current  and  a  high  efficiency  of  corrosion  would  result.  It  is 
not  improbable  that  any  or  all  of  the  above-mentioned  causes 
may  be  operating  in  certain  cases  to  produce  a  high  efficiency 
of  corrosion.  However  that  may  be,  it  has  been  definitely 
established  that  if  a  check  specimen  is  imbedded  in  the  earth 
along  with  the  anode  the  self-corrosion  will  always  be  much 
higher  than  if  the  check  specimen  is  imbedded  in  the  same  earth 
but  in  a  separate  vessel.  This  is  true  even  when  ample  precau- 
tions are  taken  to  shield  the  check  specimens  from  the  flow  of 
electric  current.  This  is  shown  by  the  following  series  of  ex- 
periments, which  is  typical  of  a  great  many  which  have  been 
carried  out.  The  anodes  were  buried  in  the  center  of  a  quart 
tin  can  filled  with  earth,  the  can  itself  serving  as  the  cathode. 
The  check  specimen  was  placed  in  the  earth  near  the  cathode 
and  shielded  from  current  flow  by  means  of  a  glass  shield  semi- 
cylindrical  in  form  and  of  considerably  greater  diameter  and 
length  than  the  check  specimen.  The  arrangement  is  shown  in 
Fig.  1.  In  many  of  these  experiments,  in  addition  to  the  check 
specimens  placed  inside  the  can,  a  second  check  specimen  was 
al^o  placed  in  the  same  kind  of  earth  with  the  same  moisture 
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content,  but  placed  in  a  separate  vessel  through  which  no  cur- 
rent passed.  A  few  of  these  data,  which  are  typical  of  all,  are 
given  in  Table  XII. 

From  this  table  it  will  be  seen  that  the  average  self -corrosion 
on  the  check  specimens  placed  in  the  can  carrying  current  was 
roughly  2.7  times  that  on  the  specimens  in  the  cans  through 
which'  no  current  passed,  while  the  time  in  the  latter  case  was 
1 . 7  times  that  in  the  former,  thus  making  the  average  rate  of 
self -corrosion  about  4.6  times  as  great  in  the  can  carrying  cur- 
rent as  in  the  one  which  carried  no  current.  Further,  it  seems 
altogether  probable  from  the  foregoing  discdssion  of  causes  of 
increased  corrosion  eflSciency  that  the  self-corrosion  on  the  anode 
itself  would  be  considerably  greater  than  that  on  the  check 


TABLB  XII 
BrrscT  of  Currbnt  Plow  om  Ssu-Corrosion 


Low  of  check  with  iron 

Low  of  check  in  lexM- 

Check  No. 

Otfrying  current  40  dayi 

imte  vessel  83  days 

7 

0.075  g. 

0.041  g. 

14 

0.035 

0.032 

21 

0.001 

0.035 

38 

0.038 

0.033 

35 

0.048 

0.045 

42 

0.155 

0.057 

63 

0.143 

0.003 

83 

0.135 

0.018 

84 

0.118 

0.014 

Ave.       0.002 

0.034 

specimen  placed  inside  the  same  can,  so  that  even  though  the 
electrolytic  corrosion  proper  were  to  take  place  strictly  in  ac- 
cordance with  Faraday's  law  we  should  nevertheless  obtain  an 
experimental  result  indicating  an  eflSciency  considerably  greater 
than  100  per  cent. 

In  view  of  the  foregoing,  therefore,  it  does  not  appear  that 
we  have  any  reason  to  suppose  that  the  electrolytic  corrosion 
proper  does  not  take  place  in  accordance  with  Faraday's  law, 
even  though  a  corrosion  efi&ciency  of  much  more  than  100  per 
cent  is  indicated.  Nevertheless  in  computing  corrosion  efi&ciency 
it  is  proper  to  charge  all  of  this  excess  of  self -corrosion  against  the 
electric  current,  since  in  the  absence  of  the  current  it  would  not 
have  occurred,  and  the  corrosion  directly  chargeable  to  the 
current  includes  all  of  that  which  results  from  the  passage  of 
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the  current,  whether  due  directly  to  the  current  or  to  secondary 
causes  brought  into  action  by  the  current  flow. 

11.  Effect  of  Very  Low  Voltage.  In  all  of  the  foregoing  experi- 
ments, although  the  current  density  has  often  been  reduced  to 
quite  low  values,  the  voltage  impressed  upon  each  pair  of  elec- 
trodes has  in  general  been  somewhat  high,  being  of  the  order  of 
several  volts  in  most  instances.  This  has  been  due  to  the  fact 
that  the  small  size  of  most  of  the  electrodes  used  gave  rise  to 
so  high  a  resistance  in  the  earth  that  voltages  of  this  order  were 
necessary  in  order  to  produce  the  desired  current  density. 
Although  there  is  no  theoretical  reason  why  the  efficiency  of 
corrosion  should  vary  with  voltage  except  in  so  far  as  it  affects 
the  current  density,  nevertheless  it  seemed  very  desirable 
to  carry  out  a  few  experiments  on  very  low  voltages,  particularly 
below  one  volt,  in  order  to  determine  whether  the  efficiency  of 
corrosion  would  be  materially  different  with  such  extremely  low 
voltages  from  what  it  is  on  the  higher  values.  Accordingly, 
three  cells  were  made  up,  using  tap  water  as  an  electrolyte  and 
thin  sheet  iron  electrodes  separated  by  several  sheets  of 
filter  paper.  This  gave  a  very  low  resistance  between  the 
electrodes  and  made  it  possible  to  secure  sufficiently  large 
current  on  much  lower  voltages  than  had  been  possible  in  the 
case  of  specimens  buried  in  soil.  One  of  these  cells  was  run  on 
a  constant  potential  of  0.1  volt,  another  on  0.6  volt,  and  the 
third  at  one  volt.  Current  measurements  were  made  at  fre- 
quent intervals  and  the  ampere-hours  determined.  The  results 
are  shown  in  Table  XIII.  It  will  be  seen  by  reference  to  this 
table  that  the  efficiencies  of  corrosion  are  comparatively  high, 
being  highest  in  the  case  of  the  one- volt  cell  and  lowest  in  the 
case  of  the  0 .6- volt  cell,  and  intermediate  in  the  case  of  the  0.1- 
volt  cell.  The  current  densities  are  given  in  the  table  and  are 
seen  to  be  extremely  low,  the  lowest  being  but  0 .003  of  an  milli- 
ampere  per  square  centimeter.  These  results  show  quite 
clearly  that  there  is  no  reason  to  expect  that  the  corrosion  effi- 
ciency changes  materially  at  any  critical  value  of  voltage  within 
a  range  that  is  of  any  practical  consequence  in  the  negative 
return  of  street  railway  systems. 

II.     EARTH  RESISTANCE 
The  foregoing  experiments  show  what  may  in  general  be 
expected  under  different  conditions  as  to  the  discharge  of  cur- 
rent from  iron  electrodes  buried  in  soils.     In  practise,  however, 
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when  investigating  electrolysis  conditions,  we  are  not  dealing 
with  known  conditions  of  current  flow,  since  it  is  in  most  cases 
impracticable  to  measure  directly  leakage  currents  at  any  point 
in  the  soil  without  resorting  to  measures  that  are  too  tedious 
and  expensive  for  most  work.  We  have,  on  the  contrary,  certain 
easily  determined  voltage  conditions  throughout  the  negative 
railway  return  system,  and  hence,  in  order  properly  to  inter- 
pret the  data  above  presented  relating  to  laws  of  corrosion,  it 
is  necessary  to  take  into  consideration  the  effect  of  earth  re- 
sistance on  the  stray  currents  that  may  be  carried  by  the  pipes 
and  discharged  by  them  into  the  earth  under  known  conditions 
as  to  potential  differences  in  the  network.  It  is  not  the  purpose 
of  this  paper  to  go  into  detail  in  regard  to  the  matter  of  earth 
resistance,  as  this  is  to  be  treated  somewhat  fully  in  another 


TABLB  XIII 

Low   VOLTACB   TbST 

Plate    No. 

LoM  total 

Blectrical 

lOM 

Theoretical 
loss 

CoxTOsion 
efficiency 

Current 
density 

per  sq.  cm. 

Voltage 

1 
2 
3 

0.496  g. 

0.163 

0.062 

0.466  g. 

0.113 

0.022 

0.467  g. 

0.127 

0.024 

97.7 
89.0 
91.7 

0.061 
0.014 
0.003 

1.0 
0.6 
0.1 

Area  of  anode,  47.47  sq.  cm. 
Ave.  natural  loss  of  anode  40  mg. 


paper  by  the  authors  in  a  publication  of  the  Bureau  of  Stand- 
ards. The  great  importance  of  the  subject  of  earth  resistance, 
however,  in  relation  to  electrolytic  corrosion  in  soils,  makes  it 
desirable  to  present  here  very  briefly  a  few  fundamental  prin- 
ciples in  regard  to  the  resistance  of  soils  and  its  relation  to  stray 
current  electrolysis. 

It  is  obvious  that  if  the  soil  surrounding  the  pipe  network  pos- 
sessed infinite  resistance,  there  woidd  be  no  trouble  from  electrol- 
ysis, since  in  that  case  no  stray  currents  could  leak  from  the  tracks 
and  hence  find  their  way  into  the  pipe.  On  the  other  hand,  if 
the  earth  possessed  zero  resistance,  we  woidd  also  have  no  elec- 
trolysis, since  in  that  case  the  earth  woidd  short-circuit  the  pipes 
and  prevent  them  from  taking  up  the  stray  currents.  Some- 
where between  these  two  extremes  we  will  obviously  have  a 
value  of  earth  resistance  which,  in  any  given  case,  would  pro- 
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duce  a  maximum  of  electrolysis  trouble.  The  value  of  this  re- 
sistance required  to  give  a  maximum  electrolysis  undoubtedly 
varies  greatly  with  conditions;  such  as  geometrical  form  of  the 
pipe  and  track  networks,  kinds  of  joints  used  in  pipes,  size  of 
pipes,  resistance  of  rail  return,  and  numerous  other  factors.  We 
feel  confident,  however,  from  observations  made  under  practical 
conditions,  that  in  most,  if  not  all  cases,  the  resistance  of  the 
earth  will  be  found  much  higher  than  that  required  to  produce 
maximum  electrolysis,  so  that  in  general  we  may  expect  the 
electrolysis  to  be  greater  the  lower  the  resistance  of  the  earth. 
With  a  view  of  giving  an  idea  of  what  may  be  expected  in  the 
way  of  earth  resistance  in  practise,  we  present  below  a  summary 
of  some  investigations  which  we  have  made  in  regard  to  varia- 
tion of  earth  resistance  with  varying  conditions,  and  following 
that  we  have  given  the  results  of  a  considerable  number  of 
earth  resistance  measurements  made  on  a  variety  of  soils  taken 
from  widely  scattered^sources.  In  making  these  earth  resistance 
measurements  several  different  methods  were  used,  in  some  of 
which  the  earth  was  measured  in  place  without  being  disturbed, 
while  in  other  cases  the  samples  were  taken  to  the  laboratory, 
packed  in  glass  cylinders  and  the  resistance  measured  between 
plastic  amalgam  electrodes  pasted  on  the  ends  of  the  cylinder, 
the  voltmeter-ammeter  method  with  alternating  current  being 
used.  In  a  good  many  cases  both  methods  were  used  and  the 
restdts  were  found  to  check  in  a  very  satisfactory  manner.  In 
making  the  earth  resistance  measurements  in  place,  two  excava- 
tions were  made  side  by  side  to  a  depth  of  several  feet,  leaving 
a  portion  of  undisturbed  earth  several  inches  in  thickness  be- 
tween the  two  excavations.  The  sides  on  this  undisturbed 
portion  were  made  approximately  parallel  and  fairly  smooth, 
and  small  electrodes  a  few  inches  in  diameter  placed  on  the 
opposite  sides.  These  electrodes  were  then  surrounded  by 
guard  rings  of  sufficient  diameter  to  assure  practically  parallel 
lines  of  current  flow  between  the  two  electrodes.  The  resistance 
of  the  earth  between  the  electrodes  was  then  measured  by  means 
of  voltmeter-ammeter  methods  as  in  the  laboratory,  alternating 
current  being  used  for  the  purpose.  In  making  these  measure- 
ments care  was  taken  to  keep  the  electrodes  and  the  guard  ring 
not  only  at  the  same  potential,  but  also  to  see  that  there  was  no 
displacement  of  phase  between  the  e.m.fs.  applied  to  them. 

In  making  tMI  tests  in  the  laboratory,  preliminary  experiments 
showed  that  much  more  satisfactory  results  cotdd  be  obtained 
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by  compressing  the  earth  in  the  testing  machine  to  such  a  point 
that  further  increase  in  pressure  caused  practically  no  variation 
of  resistance.  It  was  found,  and  will  be  shown  by  the  curves 
below,  that  with  increase  of  pressure  a  point  is  soon  reached 
beyond  which  the  resistance  varies  but  slightly  with  further 
increase  in  pressure.  Careful  comparison  of  restdts  obtained  by 
first  measuring  the  resistance  in  place,  in  the  ground,  and  later 
in  the  same  earth  in  the  laboratory,  indicated  that  they  were 
practically  the  same  whichever  method  was  used,  and  since  the 
method  of  measuring  the  resistance  in  the  laboratory  was  so 
much  more  rapid  and  convenient,  this  method  was  used  for  the 
great  majority  of  measurements  that  are  presented  below. 

.  12.  Effect  of  Moisture  Content  on  Earth  Resistance.  Moisture 
content  is  one  of  the  controlling  factors  in  earth  resistance.  In 
Table  XIV  is  given  a  series  of  resistance  measurements  taken  on  a 


TABLE  XIV 

BN  THE  AUOmn  OF  MOISTURB  IN  THE  SOIL  AND  ITS  SPBC 

Per  cent  moisture 

Specific  resistance 

(in  terms  of  dry  earth) 

ohms  per  centimeter  cube 

6.0 

2.340.000 

11.1 

237.400 

16.7 

13.880 

22.2 

6335 

33.3 

6.400 

44.6 

4.726 

56.6 

4370 

56.7 

5.1^7 

77.8 

6.046 

sample  of  red  clay  soil  with  varying  moisture  content,  which 
may  be  regarded  as  more  or  less  typical.  For  making  each 
measurement  a  new  sample  of  thoroughly  dry  earth,  diied 
at  105  deg.  cent.,  was  taken  and  the  required  amount  of  moisture 
added,  the  percentage  of  moisture  being  expressed  in  terms  of 
the  dry  earth.  It  will  be  seen  that  above  about  22  per  cent  of 
moisture  the  resistance  remains  practically  constant,  but  below 
this  Value,  the  resistance  rises  very  abruptly  with  decrease  of 
moisture  content,  and  at  5  per  cent  of  moisture  the  resistance 
has  risen  to  considerably  over  four  hundred  times  its  value  when 
the  soil  is  saturated.  This  shows  that  the  actual  current  flow 
to  and  from  a  pipe  imbedded  in  soil  is  dependent  in  vastly 
greater  degree  on  the  moisture  content  than  on  the  potential 
difference  between  the  pipe  and  surrounding  structure,  and 
points  to  the  fact  that  a  potential  difference  which  might  be 
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perfectly  safe  in  a  high  and  well  drained  locality  might  be  suffi- 
cient to  give  rise  to  a  great *deal  of  damage  in  a  low  and  damp 
locality.  This  tendency  has  of  course  been  well  recognized,  but 
it  has  not  been  given  the  consideration  which  it  deserves.  Cases 
frequently  arise  in  which  this  fact  might  well  be  treated  as  an 
important  factor  in  determining  the  location  of  a  railway  sub- 
station, and  particularly  the  points  at  which  insulated  radial 
return  feeders  might  best  be  connected  to  the  tracks. 

Another  important  practical  aspect  of  this  change  in  resistance 
with  moisture  content  is  its  effect  on  the  distribution  of  potential 
drops  throughout  the  negative 
railway  return  area.  Since  the 
various  parts  of  the  pipe  sys- 
tem are  buried  at  different 
depths  and  are  very  irregularly 
located  with  respect  to  the 
tracks,  it  is  evident  that  changes 
in  the  moisture  content  with 
depth  will  exert  a  marked  in- 
fluence on  the  distribution  of 
the  resistance  in  the  path  of  the 
leakage  current,  which  in  turn 
will  greatly  affect  both  the 
magnitude  and  distribution  of 
the  potential  gradients  through- 
out the  system.  For  this  reason 
not  as  much  reliance  shotdd  be 
placed  on  voltage  stuveys  made 
at  extremely  wet  and  more 
especially  at  very  dry  periods 
as  on  those  taken  under  more 
nearly  average  moisture  conditions. 

13.  Effect  of  Temperature  on  Earth  Resistance.  The  effect  of 
temperature  on  the  resistance  of  soil  was  determined  throughout 
the  range  from  about  18  deg.  cent,  to  —  18  deg.  cent.  (0  to  65 
deg.  fahr.).  For  this  purpose  a  moist  soil  was  used  and  was 
placed  in  a  vessel  surrounded  by  an  ice-chamber  in  which  a 
mixture  of  ice  and  salt  was  placed  and  the  whole  was  allowed 
to  stand  until  the  temperature  had  reached  about  —  18  deg.  cent., 
the  resistance  being  measured  from  time  to  time  by  means  of 
electrodes  which  were  imbedded  in  the  sample  of  earth  and 
rubber-covered  leads  brought  out.     The  temperature  of  the 
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earth  was  taken  at  the  same  time  each  resistance  measurement 
was  made,  an  ordinary  mercury  thermometer  inserted  in  the 
center  of  a  hollow  electrode  being  used.  The  results  of  these 
resistance  measurements,  as  a  function  of  temperature,  are 
given  in  Table  XV  and  are  plotted  in  Fig.  8.  By  reference  to  the 
curve  it  will  be  seen  that  the  resistance  varies  throughout  very 
extreme  ranges,  even  within  the  ranges  of  temperature  varia- 
tion that  commonly  occur  in  this  country.  Above  freezing,  the 
resistance  variation  is  much  less  marked,  but  even  here  we  find 
that  the  resistance  at  zero  deg.  cent,  is  approximately  2|  times 
its  value  at  18  deg.  cent.  At  about  the  point  at  which  the  soil 
water  begins  to  freeze  there  is  tremendous  increase  in  the  temp- 

TABLE  XV 

Effect  of  Tbmpbraturb  on  Rbsistancb  of  Soil 

Soil  No.  32.    Moisture  18.0  per  cent.    Specific  resistaace  at  20  deg.  cent. 
6260  ohms  per  cu.  cm. 


Temperature  cent. 

Resistance  ohms 

18.0 

224 

13.0 

286 

8.5 

308 

1.6 

468 

1.0 

462 

0.0 

642 

-  2.0 

040 

-  3.0 

1.186 

-  6.6 

4.340 

-12.0 

21.700 

-13.0 

24.600 

-16.0 

36.200 

-18.0 

46.000 

-10.0 

48.000 

erature  coeflScient  of  resistance,  and  as  the  temperature  becomes 
lower  the  resistance  rises  enormously,  and  at  —  18  deg.  cent,  the 
resistance  is  seen  to  be  over  two  hundred  times  as  great  as  at 
18  deg.  above  zero. 

This  enormous  variation  of  earth  resistance  with  temperature  is 
of  considerable  practical  importance  and  indicates  that  in 
moderately  cold  weather  such  as  prevails  in  the  northern  cities, 
comparatively  little  trouble  from  electrolysis  may  be  expected. 
This  is  not  due  primarily  to  the  higher  resistance  of  the  earth 
immediately  surrounding  the  pipes,  since  the  pipes  are  usually 
located  at  a  sufficient  depth  so  that  the  temperature  of  the 
earth  immediately  surrounding  will  not  reach  Ihe  lower  values 
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used  in  this  experiment.  The  real  reason  for  the  diminution  of 
electrolysis  trouble  with  the  fall  in  temperature  is  the  reduction 
of  leakage  current  from  the  rails.  It  will  be  evident  that  when 
the  ground  is  frozen  even  but  a  few  inches  deep,  the  resistance  of 
the  earth  immediately  surrounding  the  rail  becomes  enormously 
increased,  and  the  leakage  of  stray  currents  into  the  earth  is 
thereby  correspondingly  reduced.  And  since  the  rise  in  re- 
sistance with  even  a  few  degrees  of  frost  may  be  many  fold,  it 
is  apparent  that  but  a  thin  layer  of  frozen  earth  about  the  rail 
wotdd  be  necessary  in  order  to  produce  a  very  marked  increase 
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in  the  total  resistance  of  the  path  of  the  leakage  current.  This 
reduction  in  electrolysis  troubles  in  cold  weather  due  to  increase 
in  resistance  of  the  earth  is  further  augmented  by  the  increase 
of  the  conductivity  of  the  rail  return  which  takes  place  at  the 
lower  temperature,  which  may  amount  to  as  much  as  15  or  20 
per  cent,  and  is  sufficient,  as  a  rule,  to  compensate  for  the  in- 
creased load  which  usually  prevails  during  the  cold  period. 

It  shotdd  also  be  pointed  out  here  that  the  effect  of  variations 
in  temperature  with  depth  on  the  resistance  of  earth  will  have  an 
effect  on  the  distribution  of  potential  gradients  in  the  earth  very 
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similar  to  variations  in  moistiire  content  referred  to  above.  For 
this  reason  it  is  preferable  not  to  make  voltage  surveys  at  times 
when  extremely  low  temperatures  prevail. 

14.  Effect  of  Mechanical  Pressure  on  Earth  Resistance.  Of  con- 
siderable interest,  although  of  much  less  practical  importance,  is 
the  effect  of  mechanical  pressure  on  the  electrical  resistance  of 
earth.  As  already  stated,  when  pressure  is  applied  to  a  sample 
of  earth  its  resistance  is  but  little  affected  as  a  rule,  after  a  certain 
relatively  low  value  of  pressure  is  reached.  This  is  shown  in 
Fig.  9,  which  gives  resistance-pressure  curves  for  a  number  of 
different  soils  from  various  sources.  The  range  of  pressures  here 
is  for  the  most  part  between  twenty  and  one  thousand  pounds 
per  square  inch,  and  the  variations  in  resistance  between  these 
limits  are  surprisingly  small.  Numerous  measurements  of  the 
resistance  of  earth  two  or  three  feet  below  the  surface  before 
being  disturbed,  using  the  guard  ring  method,  and  subsequent 
measurements  of  the  same  earth  in  the  laboratory,  under  pres- 
sure, show  that  the  resistance  at  a  few  hundred  pounds  pressure 
per  square  inch  is  substantially  the  same  as  that  of  the  undis- 
turbed earth. 

15.  Other  Factors  Affecting  Current  Flow.  There  are  other 
factors  also  which  affect  the  resistance  of  soils,  such  as 
its  mechanical  properties,  and  chemical  constituents,  and 
these  may  have  an  important  bearing  on  current  flow  to 
and  from  the  buried  pipes.  The  character  of  the  street  rail- 
way roadbed  is  also  an  important  factor  in  determining  the 
extent  of  leakage  of  stray  current  into  the  earth.  A  well-drained 
rock  or  concrete  roadbed  may  in  general  be  expected  to  offer 
much  higher  resistance  to  the  leakage  of  current  than  one  in 
which  thtf  construction  is  such  that  a  large  amount  of  moisttire 
is  retained.  Polarization  and  film  resistances  at  the  surface  of 
the  pipes  may  also  be  an  important  factor  in  current  flow.  As 
soon  as  an  electromotive  force  is  applied  to  a  btuied  pipe  the 
current  flow  drops  off  rapidly  with  time,  especially  during  the 
first  few  minutes,  due  to  the  setting  up  of  counter  e.m.fs.  and 
the  formation  of  film  resistances.  The  extent  to  which  this 
may  occur  in  some  cases  is  shown  in  Fig.  10,  which  shows  the 
effective  resistance  as  a  function  of  time  after  the  application 
of  an  e.m.f .  of  about  six  volts  between  two  short  lengths  of  cast 
iron  pipe  buried  about  twelve  feet  apart.  From  this  it  will  be 
seen  that  the  initial  resistance  of  about  18  ohms  has  practically 
doubled  within  half  an  hour  after  the  e.m.f.  is  applied,  and  after 
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that  the  resistance  remains  practically  constant.  In  this  case 
the  effect  of  the  polarization  and  film  resistance  is  practically 
as  great  as  the  total  soil  resistance  between  the  pipes.  These 
results  were  obtained  when  the  soil  was  very  wet,  and  it  is 
probable  that  in  a  comparatively  dry  soil  the  effect  would  have 
been  less  marked. 

16.  Resistanceof  Soils  from  Different  Sources.  In  order  to  give 
an  idea  of  the  order  of  magnitude  of  the  resistances  that  may  be 
expected  in  practise,  together  with  the  range  of  variation  of  the 
same,  we  give  herewith  a  table  of  resistances  of  soils  taken  from 
various  points  in  the  cities  of  Philadelphia  and  St.  Louis  and  other 
cities.  In  all  of  these  the  specific  resistance  of  the  soil  is  meas- 
ured with  the  same  moisture  content  which  it  had  when  first  taken 
from  the  ground  and  all  were  measured  at  about  one  temperature. 
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The  soils  from  each  city  were  taken  from  widely  scattered  points 
and  represent  a  wide  variety  of  different  kinds  of  soils,  as  will  be 
evident  from  the  brief  description.  The  moisture  content  was 
determined  in  each  case  and  is  given  along  with  the  other  data. 
The  results  are  shown  in  Table  XVI.  An  examination  of  this 
table  reveals  some  striking  differences  in  two  partictdars:  In 
the  first  place  the  specific  resistances  found  in  St.  Louis  shows 
a  much  greater  degree  of  uniformity  than  those  found  in  Phila- 
delphia. The  extreme  range  of  values  of  specific  resistance  for 
St.  Louis  earths  is  between  400  and  1800  ohms  per  centimeter 
cube,  while  for  Philadelphia  the  range  is  between  595  and  610,000 
ohms  per  centimeter  cube.  The  other  chief  point  of  difference 
is  the  magnitude  of  the  mean  value  of  resistance,  the  average 
value  of  the  specific  resistance  for  all  the  samples  taken  in  St. 
Louis  being  1053  ohms,  while  the  average  for  the  Philadelphia 
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TABLE  XVI 
Specific  Rbsistancb  or  Soils 


No.  Character 


Philadblphia  Soils 

1  Moist  gray  day 

2  *     yellow  clay 

3  ■     blue  clay 

4  Nearly  dry  red  sand 

5  Moist  red  clay 

6  Nearly  dry  mica  schist 

7  Nearly  dry  gray  clay 

8  «         •  clay,  rock  and  cinders 

9  Moist  blue  clay  and  gravel 

10  Moist  blue  clay 

11  Moist  yellow  clay 

12  Moist  yellow  clay  and  sand 

13  Wet  gravel 

14  Wet  humus  and  clay 

15  Moist  clay,  sand,  cinders 

19       Damp,  disintegrated  schist 

17  Wet  clay,  cinders,  gravel 

18  Moist  yellow  clay 

19  Moist  yellow  clay 

20  Moist  red  clay 

21  Moist  yellow  clay 

22  'red  sand  and  clay 

23  *      clay,  cinders,  sand 

24  *      clay  and  sand 

25  Moist  clay  and  sand 

28       Damp  clay  and  humus 

27  Damp  clay  and  humus 

28  Nearly  dry  disintegrated  schist 

29  Dam^  yellow  clay 

30  Moist  yellow  clay 

31  Saturated  clay  and  cinders 

32  Moist  clay  and  sand 

St.  Louis  Soils 

50  Wet  clay 

51  Blue  clay 

52  Moist  virgin  soil 

53  *      yellow  clay 

54  Yellow  clay 

55  YeUow  day 

56  ■        -    

57  •        -    

58  YeUow  day 

59  Virgin  black  soil 

00      Yellow  day 

61  YeUow  clay 

62  YeUow  clay 

03      YeUow  clay 

64  Sand  and  humus 

65  Sand  and  humus 

66  Blue  clay 

67  Virgin  yeUow  day 

68  Virgin  yellow  clay 


Per  cent 

Ohms  per  cu.  cm. 

moisture 

Spec,  resistance 

11.7 

651 

14.8 

3.850 

16.1 

3.036 

7.6 

2.700 

17.4 

8.820 

4.7 

156.400 

16.2 

6.930 

17.9 

595 

13.1 

2.830 

15.3 

1.605 

17.2 

5.340 

13.4 

6.280 

11.0 

24.550 

9.5 

2.600 

17.4 

2.060 

12.9 

12.100 

16.9 

5.000 

19.4 

4.825 

17.3 

3,820 

19.3 

21.200 

15.6 

26.900 

15.7 

13.700 

13.7 

1.494 

20.0 

821 

18  7 

i.n4 

16.7 

2,490 

16.2 

2,585 

0.3 

610.000 

16.8 

2,250 

18.5 

2.465 

23.8 

4.410 

18.6 

6.260 

20.4 

600 

21.1 

700 

20.8 

1.500 

21.6 

1.250 

19.0 

1.800 

1.600 

21.1 

1.800 

22.8 

1.400 

21.3 

1.400 

21.2 

1.700 

16.0 

1.800 

23.4 

990 

18.4 

700 

21.9 

950 

17.8 

925 

20.0 

900 

22.0 

470 

19.1 

1.450 

22.5 

t^r^r^ 
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TABLE  XVI— ContinQed 
Spbcivic  Rbsistancb  or  Sons 


No.  Charftcter 


60  YeUow  clay 

70  Virgin  yellow  clay 

71  Virgin  soU 

72  Yellow  cUy 

73  Blue  clay 

74  Blue  clay 

76  Blue  clay 

70  Moist  blue  clay 

77  Nearly  dry  yellow  clay 

78  Blue  clay 

70  Yellow  and  blue  clay 

80  Yellow  and  blue  clay 

81  Blue  clay 

82  Clay  and  loam 

83  Sandy  day 

84  Yellow  clay 

''Pittsburgh  Soils 

33  Damp  sand 

34  Moist  yellow  clay 

35  Moist  clay  and  humus 

36  Blue  clay 

37  Moist  gray  clay 

38  Damp  sand 

30  Damp  sand 

40  Loam  and  cinders 

41  Nearly  dry  sand 

Erie  Soils 

42  Moist  clay  and  gravel 

43  Clay,  coal  and  gravel 

44  Wet  blue  clay 

45  Moist  blue  clay  and  sand 

46  Moist  gravel 

47  Wet  blue  clay  and  sand 


Percent 

Ohm*  per  cu.  cm. 

moisture 

Spec,  resistance 

22.0 

700 

20.0 

IJOO 

22.0 

840 

23.3 

000 

26.1 

400 

10.1 

600 

24.2 

830 

23.1 

600 

16.4 

1.100 

17.1 

660 

26.0 

600 

10.7 

820 

20.0 

760 

10.2 

1.460 

10.5 

1.600 

22.6 

1.200 

13.4 

4.606 

16.6 

2.810 

20.5 

2.300 

26.5 

14.025 

26.3 

610 

13.0 

1.336 

10.2 

8.700 

21.8 

1.074 

12.3 

2.008 

6.0 

18.080 

16.7 

1.706 

10.3 

3.770 

11.0 

3.080 

5.7 

14.025 

10.6 

2.462 

48 


Apollo.  Pa..  Soils 


30.5 


1.706 


86 
86 

87 


Albuqubrque,  N.M..  Soils 


15. S 
11.1 
11.0 


43.060 
50.476 
41,008 


Washikgton.  D.  C,  Soils 

88       Air  dry  red  clay 4 

80       Nearly  dry  red  clay 10 

00  Moist  loam 20 

01  Wet  yellow  clay  and  sand 30 

02  Wet  humus  clay  and  sand 30 


2.340.000 

14.660 

8.720 

41.400 

24.060 
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samples  was  28,750  ohms  per  centimeter  cube,  the  latter  being  over 
27 . 3  times  the  former.  It  shotild  be  noted  however,  in  making  this . 
comparison,  that  the  high  average  for  Philadelphia  is  due  to  a 
large  extent  to  the  abnormally  high  resistance  of  two  samples 
containing  large  quantities  of  mica,  one  of  which  had  a  specific 
resistance  of  156,400  ohms  and  the  other  610,000  ohms.  If  these 
two  are  eliminated  the  remaining  31  specimens  show  an  average 
for  Philadelphia  of  5885  ohms  per  centimeter  cube,  which, 
however,  is  still  over  5.6  times  the  value  for  St.  Louis.  It  is 
quite  probable  that  this  difference  is  such  as  to  prove  an  import- 
ant factor  in  the  electrolysis  situation  in  the  two  places. 

CONCLUSIONS 
The  following  are  some  of  the  more  general  conclusions  that 
may  be  drawn  from  the  experimental  data  presented  in  this 
paper: 

1 .  The  current  density  has  a  marked  effect  on  eflSciency  of 
corrosion  of  iron  in  soils,  the  efficiency  of  corrosion  being  in 
general  greater,  the  lower  the  current  density.  In  saturated 
soils  the  corrosion  may  vary  between  20  per  cent  and  about  140 
per  cent  for  the  range  of  current  densities  between  5  milliamperes 
and  0.05  milliampere  per  square  centimeter. 

2.  Moisttire  content  in  the  soil  also  has  a  marked  effect  on 
efficiency  of  corrosion,  the  corrosion  efficiency  being  in  general 
greater  with  increasing  moistiu-e  content,  up  to  saturation  of  the 
soil.  Beyond  this  point  increased  moisture  content  has  com- 
paratively little  effect. 

3.  Temperature  changes  within  the  limits  commonly  met 
with  in  practise  have  no  important  effect  on  corrosion  efficiency. 

4 .  The  depth  of  burial  of  pipes  has  no  direct  effect  on  corro- 
sion efficiency,  provided  other  conditions  remain  constant.  In 
practise,  however,  the  moisture  content,  current  carried  by  the 
pipes,  and  various  other  factors  which  affect  corrosion  efficiency 
will  vary  with  depth,  so  that  indirectly  differences  due  to  depth 
may  be  noted. 

6.  The  amount  of  oxygen  present  has  no  appreciable  effect 
on  the  efficiency  of  corrosion,  in  the  case  of  iron  immersed  in 
liquid  electrolyte. 

6.  Corrosion  efficiency  of  iron  imbedded  in  earth  is  always 
greater  in  open  vessels  than  in  sealed  vessels. 

7 .  The  amount  of  oxygen  present  has  a  marked  effect  on  the 
end  products  of  corrosion.  If  the  corrosion  is  rapid  and  the 
supply  of  oxygen  small,  there  will  be  a  preponderance  o||||j|g||eticjOQlc 
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oxide,  while  if  the  rate  of  corrosion  is  low  and  the  supply  of 
oxygen  abundant  the  ferric  oxide  will  predominate.  Owing 
to  the  fact  that  the  supply  of  oxygen  around  pipes  buried  in 
earth  is  always  more  or  less  limited,  the  character  of  the  oxides 
formed  gives  some  indication  as  to  the  rate  of  corrosion,  and 
thus  indirectly  as  to  the  cause  of  the  corrosion,  if  local  condi- 
tions are  properly  considered. 

8.  There  is  no  material  difference  in  the  efficiency  of  corro- 
sion shown  by  the  various  kinds  of  iron  commonly  used  in  the 
manufacture  of  underground  pipes. 

9.  The  fact  that  a  given  chemical  tends  strongly  to  inhibit 
either  self-corrosion  or  electrolytic  corrosion  in  liquids  is  no 
indication  that  it  will  materially  retard  electrolysis  of  iron  im- 
bedded in  soils. 

10.  Pitting  of  iron  imbedded  in  soils  is  affected  not  only  by 
a  non-homogeneous  condition  of  the  iron  or  soil,  but  also  by 
the  chemicals  contained  in  the  soil. 

11.  The  efficiency  of  corrosion  was  found  not  to  be  a  func- 
tion of  the  voltage  except  in  so  far  as  the  current  density  may 
be  affected.  Voltages  as  low  as  0 . 1  and  0 . 6  volts  showed  practic- 
ally the  same  efficiency  of  corrosion  as  5  to  10  volts  or  higher. 

12.  Corrosion  tests  on  a  large  number  of  different  kinds  of 
soil  from  widely  different  sources,  with  average  moisttire  con- 
tent and  moderate  current  density,  indicate  that  corrosion 
efficiencies  between  50  and  110  per  cent  may  usually  be  expected 
under  most  practical  conditions. 

13.  The  resistance  of  soils  varies  throughout  a  very  wide 
range  with  variations  in  moisture  content,  the  resistance  of  the 
comparatively  dry  soil  being  of  the  order  of  several  hundred 
times  the  resistance  of  the  same  soil  at  about  sattu-ation.  Above 
saturation,  increase  in  moisture  content  has  but  little  effect  on 
the  resistance  of  the  soil. 

14 .  Because  of  the  great  variations  in  resistance  of  earth  with 
moisttu^e  content,  voltage  surveys  should  not  be  made  at  times 
when  the  earth  is  extremely  dry. 

15 .  The  resistance  of  the  soils  varies  greatly  with  temperature 
within  the  ordinary  range  encountered  in  practise.  In  the  case 
of  the  soils  tested,  the  resistance  at  18  deg.  below  zero  cent,  was 
over  two  hundred  times  as  great  as  at  18  deg.  above  zero  cent. 
Even  at  about  freezing  temperature  the  resistance  will  be 
several  times  that  at  summer  temperatures.  This  not  only  has 
an  important  bearing   on    the   magnitude   of   the   electrolysis 
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trouble  that  may  occur  at  different  seasons,  but  it  also  indicates 
that,  where  practicable,  voltage  surveys  shotdd  not  be  made 
when  extremely  low  temperatures  prevail. 

16.  The  experimental  results  given  in  this  paper  have  an 
important  bearing  on  the  subject  of  electrolysis  mitigation 
through  the  limitation  of  voltage  drop  in  the  negative  return. 
For  some  years  the  chief  means  of  preventing  trouble  from  elec- 
trolysis in  certain  foreign  countries  has  been  the  limitation  of 
the  permissible  voltage  drop  between  any  two  points  on  the 
return  circuit.  In  some  places  the  limit  has  been  placed 
on  the  maximum  voltage  during  peak  load,  whereas  in 
other  cases  the  average  voltage  for  twenty-four  hours  has  been 
the  determining  factor.  It  will  be  evident  that  if  the  total 
amount  of  damage  which  results  is  proportional  to  the  average 
current,  then  the  limitation  of  the  average  voltage  would  be, 
more  logical  than  the  limitation  of  the  peak  load  voltage,  since 
in  the  former  case  the  cost  of  meeting  the  voltage  limitation 
in  any  given  case  would  be  proportionate  to  the  danger  involved 
irrespective  of  the  station  load  factor;  whereas  if  the  voltage 
at  peak  load  is  the  determining  factor,  the  cost  of  complying 
with  the  requirements  depends  not  only  on  the  danger  involved, 
but  on  the  load  factor  of  the  system,  and  the  poorer  the  load 
factor,  the  greater  its  cost  will  be.  It  appears  from  the  data 
presented  in  this  paper  that  the  rate  of  damage  does  not  increase 
as  fast  as  the  voltage  increases,  because  of  the  tendency  toward 
lower  corrosion  eflSciencies  at  higher  current  densities.  This 
indicates  that,  with  a  given  average  all-day  current,  the  actual 
amount  of  electrolysis  that  would  occur  would  be  less  with  a 
bad  load  factor  than  with  a  good  load  factor,  and  hence  points  to 
the  undesirability  of  penalizing  a  high  peak  of  short  duration.  It 
would  appear  very  much  more  logical,  therefore,  in  so  far  as  the 
damage  itself  is  concerned,  to  make  the  average  all-day  voltage 
the  basis  of  the  limitation,  rather  than  the  voltage  at  time  of 
peak  load. 

In  conclusion,  the  authors  wish  to  acknowledge  their  obliga- 
tion to  their  colleagues,  Mr.  O.  S.  Peters  and  Dr.  H.  E.  Palmer; 
to  the  former  for  valuable  cooperation  in  the  development  of 
the  electrolytic  method  for  cleaning  anodes  which  was  used 
throughout  this  investigation,  and  also  for  a  large  amount  of 
work  on  the  measurement  of  earth  resistances;  to  the  latter  for 
the  chemical  analyses  of  soils,  and  the  carrying  out  of  experi- 
ments on  the  effect  of  oxygen  on  the  end  products  of  corrosion. 
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Discussion  on  ''  Electrolytic  Corrosion  of  Iron  in  Soils  " 
(McCoLLUM  AND  Logan),  Cooperstown,  New  York, 
June  24,  1913. 

J.  L.  R.  Hayden:  The  paper  on  electrolytic  corrosion  by 
Messrs.  McCollum  and  Logan  is  very  interesting  for  the  large 
amount  of  data  it  gives  on  electroljrtic  corrosion  under  actual 
service  conditions,  that  is,  with  the  iron  imbedded  in  the  soil. 

The  observation  that  the  activity  decreases  with  increasing 
current  density  I  found  very  marked  in  my  investigation.  I 
fotmd  that  under  conditions  where  passivity  is  possible,  complete 
passivity  could  be  produced  by  raising  the  current  density, 
even  if  only  momentarily.  Limited  time  did  not  allow  me  to 
investigate  to  any  great  extent  the  electrolytic  corrosion  when 
the  circulation  of  the  electrolyte  was  interfered  with  by  soil  or 
sand,  but  some  experiments  showed  the  same  phenomenon 
observed  by  the  authors,  that  the  "passivating"  action  is  ma- 
terially decreased  by  interference  with  the  circulation  of  the 
electrolyte.  If  the  passivity  is  due  to  the  electrolyte  in  which 
free  hydrogen  ions  cannot  exist,  as  has  been  suggested,  this 
phenomenon  would  easily  be  explained. 

Alexander  Maxwell  (commtmicated) :  We  are  indebted  to 
Messrs.  McCollimi  and  Logan  for  their  excellent  paper.  The 
work  is  noteworthy,  not  only  on  account  of  the  range  and  scope 
of  the  data  presented,  but  especially  because  it  is  in  great  measure 
directly  usefid,  and  applicable  in  connection  with  field  work. 

A  most  important  feature  of  these  tests  is  in  the  relation 
between  the  current  density  and  ''  efficiency  of  corrosion."  As 
noted  in  the  paper,  the  results  reported  by  Ganz  in  1912  showed, 
in  general,  higher  ''  eflSciencies  of  corrosion  "  than  those  found 
by  Messrs.  McColltmi  and  Logan;  and  in  the  former  test  the 
current  densities  employed  were  much  lower  than  those  used  by 
the  authors  of  the  present  paper. 

The  authors  have  used  current  densities  ranging  from  0.03 
to  5  milliamperes  per  square  centimeter.  It  may  be  interesting 
to  compare  these  densities  with  some  observed  by  the  writer 
under  actual  conditions  in  city  streets. 

The  following  values  are  calculated  from  a  large  ntmiber  of 
tests  made  with  Haber's  "  earth  ammeter."  These  tests  were 
all  made  in  connection  with  pipes  which  had  actually  suffered 
severe  damage  by  corrosion,  and  most  of  the  tests  were  made  in 
places  where  the  current  density  might  be  expected  to  be  high, 
as  where  only  a  few  feet  of  soil  intervened  between  the  pipe  and 
the  rail,  and  when  the  pipe  was  definitely  and  strongly  positive 
to  the  rail. 

Under  these  circtimstances,  it  was  found  that  the  average 
apparent  current  density  for  areas  between  100  and  600  square 
centimeters,  varied  from  0 .  0005  to  0 .  04  milliamperes  per  square 
centimeter.  While  these  measurements  were  not  of  great 
accuracy,  I  believe  that  they  are  dependable  as  indicating  the 
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general  order  of  magnitude  of  currents  leaving  pipe  surfaces 
under  the  conditions  noted  above. 

It  would  be  interesting  to  extend  the  investigation  of  the 
variation  in  corrosion  efficiency  to  very  low  densities  such  as 
those  indicated  above,  for  I  believe  that  such  densities  are  more 
nearly  representative  of  average  field  conditions,  and  all  of  the 
evidence  points  towards  corrosion  considerably  in  excess  of 
theoretical  values,  at  these  low  densities. 

D.  C.  Jackson :  The  authors  have  brought  out  in  this  interest- 
ing and  useful  paper  many  things  that  have  been  previously 
known,  or  at  any  rate  supposed  to  exist,  but  they  have  been 
brought  out  more  clearly  in  some  ways  in  this  paper  than  here- 
tofore; and  they  have  added  materially  to  the  available  information 
on  this  complex  subject.  A  paper  of  this  kind  is  one  we  can 
wisely  listen  to,  as  the  electrical  enterprises  have  been  too  prone 
to  overlook  the  economic  importance  of  consideration  for  their 
neighbors. 

Let  us  see  what  it  means  in  certain  industries  if  stray-current 
electrolysis  is  allowed  to  proceed.  I  will  for  illustration  take 
an  art  aside  from  electrical  engineering.  Take  gas,  for  instance, 
and  consider  the  case  of  a  gas  plant  that  hasanoutputof  200million 
cubic  feet  per  anniun.  That  would  be  a  sufficient  gas  supply 
for  the  needs  of  a  city  from  30,000  to  50,000  inhabitants. 
Suppose  the  leakage  from  the  mains  is  doubled  from  the  fairly 
normal  rate  of  5  per  cent  up  to  10  per  cent,  due  to  the  fact  that 
the  pipes  are  fairly  rapidly  corroded  or  the  joints  are  affected 
and  it  is  difficult  to  keep  the  pipes  tight.  Illuminating  gas  is 
worth  in  the  Eastern  States,  delivered  at  the  outlet  to  the 
holders,  approximately  30  cents  a  thousand  cubic  feet,  which 
makes  the  extra  leakage  due  to  electrolysis  cost  $3000  per  year. 
It  costs  the  company  that  much  to  generate  and  put  in  the  holder 
the  gas  lost  from  the  mains  on  account  of  their  deteriorated 
condition.  Capitalizing  that  means  a  good  deal  of  money,  in 
addition  to  the  other  various  disadvantages  that  arise  from 
leaky  gas  mains;  and  that  is  for  gas  mains  alone,  and  leaves  out 
other  imderground  structures.  It  also  makes  no  allowance  for 
the  extra  cost  of  repairs  to  the  mains,  which  is  necessary  on 
account  of  their  leaky  character. 

If,  instead  of  a  little  city,  in  which  200  million  cubic  feet  of 
gas  are  sold,  we  take  a  large  city  with  a  sale  of  5000  million  cubic 
feet  of  gas,  under  similar  conditions  of  doubling  the  leakage  from 
5  per  cent  to  10  per  cent,  on  account  of  the  corroded  mains,  and 
we  consider  that  the  gas  costs  the  company  at  the  outlet  of  the 
holder  30  cents  a  thousand,  the  increased  loss  of  gas  becomes 
a  matter  of  $75,000  a  year. 

That  illustration  shows  very  clearly  the  problem  which  Mr. 
McCoUum  has  been  working  on,  which  is  of  considerable  im- 
portance. The  question  is  really  an  economic  one.  It  relates 
to  the  expenditure  that  might  be  made  for  protection  of  under- 
ground structures  from  the  ravages  of  electric  railway  currents 
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and  the  balancing  of  the  annixal  cost  of  protection  against  the 
annual  cost  of  the  injury  that  the  stray  currents  produce. 

Hugh  T.  Wreaks:  I  notice  that  all  of  the  experiments  were 
made  on  uncoated  pipe,  and  I  am  curious  to  know  whether  future 
experiments  would  take  in  the  line  of  coated  pipes,  that  is, 
enameled,  sherardized  or  galvanized,  because  in  a  recent 
lecture  I  attended  over  in  Brooklyn,  one  of  the  city  engineers 
described  the  preparation  of  their  water  pipes  so  as  to  resist  cor- 
rosion, and  laid  great  stress  on  the  value  of  enameled  coating; 
this  coating  being  covered  by  fairly  definite  specifications  on 
ductility,  strength,  melting  temperature,    etc. 

If  this  has  not  been  touched  upon  in  other  papers,  I  believe  it 
is  germane  in  this  discussion. 

Harold  V.  Bozell:  Prof.  Jackson's  mention  of  gas  mains  calls 
to  mind  a  practise  in  Oklahoma,  where  usually  gas  and  electric 
interests  in  one  town  are  under  one  ownership  and  there  is 
mutual  interest  in  looking  for  solution  of  the  electrolytic  problem. 
I  don't  know  how  this  has  worked  in  the  East,  if  it  has  been  used, 
but  it  was  fotmd  there  that  by  running  gas  mains  on  both  sides 
of  the  street  much  less  electrolysis  resulted ;  of  cotu-se  the  greatest 
electrolysis  occurs  in  the  cross  pipes  and  this  was  eliminated. 
It  should  be  stated  that  paving,  access  to  pipes  and  other  items 
added  to  cause  the  double  main  system. 

Harry  barker:  I  would  like  to  ask  if  the  soil  studies  at  the 
Bureau  of  Standards  were  carried  into  alternating-current  work. 
Question  continues  to  arise  generally  as  to  the  electrolytic 
effect  of  alternating  current.  We  would  expect  of  course  that 
where  the  reversal  of  the  current  is  rapid,  there  is  little  time  for 
secondary  chemical  reactions  to  intervene;  then  on  the  reversal 
of  the  current  the  original  electrochemical  reaction  itself  is 
reversed.  Where  the  time  involved  is  considerable,  the  secondary 
changes  may  prevent  complete  reversal.  Some  experimental 
results  confirming  this  are  available  but  a  wider  range  is  still 
desirable. 

I  presume,  from  the  completeness  with  which  the  Bureau  of 
Standards  has  undertaken  its  corrosion  studies,  that  they  must 
have  well  considered  such  points.  But  the  Bureau  has  said 
comparatively  little  about  its  alternating-current  work  and,  if 
it  would  not  be  publishing  the  results  too  early,  perhaps  Mr. 
McCollum  might  add  a  word  on  it. 

F.  C.  Caldwell:  With  regard  to  the  last  point  in  the  paper, 
that  is,  the  limitation  of  the  voltage,  I  would  ask  if  it  is  true  that 
it  is  not  wise  for  a  municipality  to  set  a  limit  to  the  voltage 
to  be  permitted  in  the  tracks,  because  of  the  fact  that  if  they 
do  so  they  are  liable  to  relieve  the  railway  company  from  respon- 
sibility in  the  matter.  That  is,  if  the  railway  company  complies 
with  the  requirements  of  the  municipality  and  keeps  its  voltage 
within  the  prescribed  limit,  the  fact  that  such  limit  has  been 
prescribed  relieves  the  railway  company  from  any  further 
responsibility  for  electrolysis  which  may  take  place  within  that 
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J.  C.  Lincoln:  I  inqtdr^if  the  authors  have  any  information 
as  to  the  effect  of  breaking  the  pipes,  that  is,  breaking  the  elec- 
trical continuity  of  the  pipes,  in  lengths  of  a  few  hundred  feet,  or 
several  thousand  feet — ^whether  they  have  any  information  as 
to  what  the  effect  of  such  breaking  is  on  the  electrolytic  effect? 

Henry  G.  Stott:  I  want  to  say  one  word  as  to  the  question  of 
the  responsibility  of  the  railroad  companies,  which  has  been 
brought  up.  I  would  like  to  remind  the  gentlemen  present  that 
there  was  a  very  able  paper  presented  before  the  Institute  some 
three  or  four  years  ago  by  Mr.  George  I.  Rhodes,  which  treats 
this  subject  very  fully,  and  I  think  that  paper  was  really  a 
classic  on  the  question  of  electrolysis,  and  upon  its  cure,  which 
is  more  important.  Broadly  speaking,  the  voltage  drop  in  the 
return  circuit  has  very  little  to  do  with  the  amount  of  damage, 
that  is  my  experience.  It  is  more  a  question  of  where  you  lead  the 
current  back.  By  insulating  the  negative  return  to  the  substation 
or  power  station,  as  the  case  may  be,  by  this  method  it  is  possible 
almost  entirely  to  prevent  the  leakage  of  current  from  the 
rails  to  surrounding  conducting  bodies,  and  that  is  the  method 
which  the  companies  with  which  I  am  connected  have  adopted 
most  successfully  in  some  very  trying  cases. 

I  simply  wish  to  remind  the  members  who  are  interested  in 
that  subject  of  the  paper  written  by  Mr.  Rhodes,  as  it  was  one 
of  the  clearest  expositions  on  the  subject  ever  presented  to  the 
Institute. 

Albert  F.  Ganz:  The  paper  is  full  of  valuable  results  and 
conclusions.  It  describes  a  very  large  number  of  tests  made  in  a 
laboratory  with  the  accuracy  obtainable  only  in  a  laboratory, 
and  yet  made  under  conditions  exactly  resembling  those  found 
in  every-day  practise.  Perhaps  the  most  important  single 
result  reported  is  that  electrolytic  corrosion  of  iron  in  ordinary 
soil,  with  the  low  current  densities  usually  met  with  in  prac- 
tise, follows  Faraday's  law.  This  means  that  under  the  usual 
practical  conditions  met  with  in  electrolytic  corrosion  of  under- 
ground iron  structures,  we  can  compute  the  weight  of  iron 
corroded  on  the  basis  of  approximately  20  pounds  of  iron  per 
ampere-year. 

The  authors  have  shown  that  corrosion  efficiency  varies  with 
current  density,  and  that  with  current  densities  of  an  order 
greater  than  a  few  milliamperes  per  square  centimeter  the 
corrosion  efficiency  decreased  from  100  per  cent  to  low  values  with 
increasing  current  density.  For  very  low  current  densities,  of  the 
order  of  a  few  hundredths  of  one  milliampere  per  centimeter, 
they  have  generally  obtained  corrosion  efficiencies  somewhat 
larger  than  100  per  cent. 

They  state  that  they  have  not  been  able  to  obtain  the  high 
efficiencies  of  corrosion,  up  to  500  per  cent,  which  I  found  in 
some  of  my  tests  reported  last  year.  I  wish  to  say  in  explanation 
that  these  high  efficiencies  of  corrosion  were  obtained  only  in  the 
tests  where  the  surface  scale  had  not  previously  been  removed 
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from  the  test  pipe,  and  where  the  pipes  had  only  been  cleaned 
to  remove  dirt  and  grease.  In  the  tests  which  I  made  where  the 
pipes  were  first  turned  down  in  a  lathe,  removing  all  surface 
scale,  I  obtained  efficiencies  of  corrosion  varying  between  103 
per  cent  and  123  per  cent,  which  values  agree  well  with  those 
found  by  the  present  authors.  The  very  high  values  found  by 
me  were  therefore  due  to  the  effects  of  the  surface  scale. 

During  the  past  year  I  have  made  a  few  tests  for  efficiency 
of  corrosion  with  soils  obtained  from  several  cities,  using  low 
current  densities  of  less  than  one  milliampere  per  square  centi- 
meter, with  iron  anodes  cleaned  of  scale,  and  I  have  found 
values  generally  somewhat  above  100  per  cent. 

It  may  be  of  interest  to  compute  the  probable  density  of 
current  leaving  iron  pipes  in  ground  and  returning  to  trolley 
tracks  under  assumed  practical  conditions.  The  resistivity  of 
soil  given  in  the  paper  varies  between  400  and  6000  ohms  in  a 
centimeter  cube.  Assuming  a  distance  of  three  feet  (91  cm.)  be- 
tween a  pipe  and  the  rails  to  which  the  pipe  is  positive  in  po- 
tential, the  resistance  of  an  intervening  column  of  soil  one  square 
centimeter  in  cross-section  would  vary  between  36,000  and 
540,000  ohms.  With  one  volt  potential  difference  there  would 
result  a  current  of  from  0.03  to  0.002  milliampere  through  the 
column  of  soil ;  this  corresponds,  therefore,  to  the  average  density 
of  the  current  leaving  the  pipe  surface  under  the  assumed  con- 
ditions for  one  volt  of  potential  difference.  With  5  volts  poten- 
tial difference,  a  value  commonly  found  in  practise,  the  result- 
ant average  current  density  would  vary  from  0.15  to  0.010 
milliampere  per  square  centimeter. 

As  to  the  values  of  current  density  which  may  be  considered 
dangerous  to  an  underground  pipe,  it  should  be  remembered 
that  in  nearly  all  practical  cases  of  destruction  by  electrolysis 
from  stray  electric  currents,  localized  pits  are  produced,  which 
shows  that  the  current  generally  leaves  from  localized  areas.  It  is 
pointed  out  in  the  paper  that  a  current  density  of  0.05  milliam- 
pere per  square  centimeter  would  cause  corrosion  to  proceed  at 
the  rate  of  one  centimeter  in  seventeen  years;  this  is  equivalent 
to  approximately  \  in.  (0.32  cm.)  in  five  years;  current  leaving  a 
steel  or  wrought  iron  pipe  with  a  J-in.  (0.32  cm.)  wall,  of  a 
density  of  0.05  milliamperes  per  square  centimeter,  would  pit 
entirely  through  the  metal  in  five  years,  provided  that  the 
current  left  the  pipe  surface  uniformly  and  corroded  the  pipe 
unifoni^ly.  If,  however,  the  current  should  leave  from  10  per 
cent  of  the  pipe  surface,  this  same  average  current  density  of 
0.05  milliamperes  per  square  centimeter  would  corrode  through 
the  metal  of  the  pipe  in  one  half-year,  and  a  current  density  of 
only  0.005  milliampere  per  square  centimeter,  leaving  from  10 
per  cent  of  the  pipe  surface,  would  pit  through  the  pipe  in  five 
years.  This  very  lowcurrentdensity  would  therefore  be  dangerous 
to  the  pipe. 

Regarding  the  effect  of  moisture,  the  authors  have  found  that 
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as  soils  are  dried  the  corrosion  efficiency  is  decreased.  They 
suggest  that  this  may  be  due  to  the  fact  that  with  dry  soil  the 
iron  is  in  less  uniform  contact  with  the  soil,  so  that  the  current 
discharged  from  localized  areas  results  in  higher  current  density 
of  discharge 'at  these  points.  This  is  the  logical  and  probable 
explanation.  I  do  not  believe,  however,  that  this  in  itself  gives 
much  promise  of  diminished  danger  to  pipes  from  electrolysis, 
because  while  the  total  amount  of  corrosion  may  be  less,  this  may 
be  so  concentrated  as  to  be  quite  as  effective  in  producing  pits 
through  the  metal  of  the  pipe. 

Professor  Caldwell  has  stated  that  in  his  opinion  it  would  be 
undesirable  for  a  municipality  to  limit  the  voltage  drop  in  rails 
by  an  ordinance,  because  this  would  stop  them  from  obtaining 
damages  from  electrolysis  so  long  as  the  terms  of  the  ordinance 
are  complied  with.  In  reply  to  this  statement  I  would  like  to 
say  that  legal  authorities  have  advised  me  that  the  enactment 
and  enforcement  of  a  city  ordinance  does  not  take  away  from  a 
municipality  or  from  the  public  the  common  law  right  to  sue  for 
and  obtain  damages  that  may  be  caused  by  stray  electric  currents 
even  if  the  terms  of  a  special  ordinance,  designed  to  minimize 
such  dangers,  are  complied  with.  The  reason  is  that  the  common 
law  is  superior  to  a  city  ordinance. 

Burton  McCollum:  In  regard  to  the  point  brought  up  by  Mr. 
Hayden's  written  communication  on  the  passivity  of  iron,  it 
would  be  out  of  the  question  here  to  enter  into  a  discussion  of 
the  cause  of  passivity  in  iron.  It  is  a  matter  which  has  been 
investigated  a  great  deal,  and  has  led  to  a  great  deal  of  contro- 
versy, but  I  do  not  agree  with  Mr.  Hayden  that  passivity  is 
found  only  when  the  iron  is  in  an  electrolyte  in  which  hydrogen 
ionization  cannot  exist — ^that  is,  in  an  alkaline  electrolyte. 

We  are  all  familiar  with  the  fact  that  iron  is  passive  in  any 
strong  alkaline  solution,  but  we  also  know  that  iron  can  be 
rendered  passive  and  remain  passive  in  very  strong  acids.  As 
a  matter  of  fact,  there  is  a  great  deal  of  evidence  accumulated 
to  show  that  there  are  probably  a  number  of  different  causes  of 
passivity,  in  addition  to  those  that  occur  in  an  alkaline  solution. 

As  to  some  of  the  points  brought  up  by  Prof.  Jackson;  he 
speaks  of  the  effects  of  moisture  on  the  efficiency  of  corrosion  and 
on  resistance,  and  seems  to  be  inclined  to  attribute  most  of  the 
lack  of  electrolysis  in  dry  soils  to  the  high  resistance.  I  think, 
probably,  that  that  is  the  case,  but  it  might  be  pointed  out  that 
the  tendency  of  the  low  efficiency  of  corrosion  is  to  produce  the 
same  result  as  that  which  would  be  caused  by  the  reduction  of 
current  by  the  high  resistance,  so  that  these  causes  are  super- 
ix)sed,  and  it  is  diffictdt  to  say  how  much  reduction  in  corrosion 
may  be  due  to  one  and  how  much  due  to  the  other.  Probably 
the  resistance  is  the  most  important  factor. 

As  regards  concrete  roadbed,  I  think  it  will  as  a  rule  give  a 
higher  resistance  than  a  dirt  roadbed,  in  which  the  raUs  are 
pretty  well  buried  in  the  soil.    I  have  made  tests  of  the  specific 
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resistance  of  water-soaked  concrete  at  the  Bureau  of  Standards, 
and  find  that  it  ranges  from  5000  to  8000  ohms  per  centimeter 
cube,  which  is  very  much  higher  than  the  resistance  of  many 
earths,  but  perhaps  not  much  higher  than  the  average  of  all. 
The  superiority  of  concrete  roadbed  is  great  only  where  earth 
resistances  are  low,  but  in  many  cases  I  think  it  will  greatly 
reduce  leakage  currents. 

The  question  was  raised  as  to  whether  Faraday's  law  always 
holds.  In  order  to  answer  that  it  is  necessary  to  say  just  what 
we  mean  by  Faraday's  law.  As  Faraday's  law  was  originally 
stated,  it  applies  to  the  decomposition  of  the  electrolyte.  In 
modem  electrochemical  processes,  we  think  of  it  as  appl5ring 
to  all  reactions  which  take  place  at  the  electrodes.  When  we 
think  of  it  in  that  sense,  Faraday's  law  always  holds.  If  an 
iron  anode  is  corroded  at  100  per  cent  efficiency,  then  one  gram 
equivalent  of  iron  will  be  corroded  by  the  passage  of  96,640 
coulombs  of  electricity,  and  Faraday's  law  holds  true  as  applied 
to  corrosion  of  the  anode.  If,  however,  the  iron  is  in  a  solution 
which  renders  it  passive,  there  will  be  no  corrosion  of  the  iron, 
and  in  that  case  the  electrolyte  breaks  up  in  accordance  with 
Faraday's  law,  and  96,540  coulombs  of  electricity  will  result  in 
the  breaking  up  of  one  gram  equivalent  of  electrolyte. 

If,  for  instance,  an  iron  anode  corrodes  at  60  per  cent  efficiency, 
then  0.6  of  a  gram  equivalent  of  iron  will  be  corroded  by  96,540 
coulombs  of  electricity,  and  at  the  same  time  0.4  of  a  gram 
equivalent  of  the  electrolyte  will  be  broken  up,  so  that  Faraday's 
law  still  holds  when  we  consider  all  of  the  reactions  which  take 
place  at  the  anode. 

As  to  the  relative  amount  of  current  in  pipes  in  warm  and 
cold  weather,  it  would  appear  that  if  the  depth  of  rail  is  not 
more  than  9  inches  and  if  the  earth  is  frozen  to  a  greater  depth 
than  this  throughout  the  entire  system,  the  amount  of  leakage 
from  the  track  is  bound  to  be  much  less  than  it  would  be  in  case 
there  were  no  frost  in  the  ground,  and  that  would  lead  me  to 
believe  that  the  current  flowing  in  the  pipe  under  those  condi- 
tions would  be  considerably  less  than  if  the  ground  were  not 
frozen. 

I  want  to  endorse  highly  the  statement  made  by  Prof.  Jackson 
in  regard  to  the  matter  of  balance  between  the  actual  damage  and 
the  cost  of  protection.  It  is  neither  necessary  nor  desirable  to 
eliminate  entirely  all  electrolytic  trouble,  but  the  desirable 
thing  is  to  reduce  the  loss  to  such  a  value  that  any  further 
reduction  of  loss  would  be  more  expensive  than  to  repair  the  loss. 

Mr.  Wreaks  brought  out  the  question  of  coated  pipes.  We  now 
have  in  course  of  preparation  a  report  dealing  with  the  subject  of 
corrosion  of  coated  pipes.  I  may  anticipate  the  results  to  the 
extent  of  saying  that  of  a  very  great  number  of  commercial  pipe 
coatings  which  we  have  tested  we  found  very  few  which  we 
considered  to  be  of  any  value.  In  fact,  they  are  rather  detri- 
mental, because  they  tend  to  concentrate  the  corrosion.    There 
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are  some  coatings,  however,  such  as  extremely  heavy  layers  of 
pitch,  which  may  give  protection  for  a  considerable  time,  but  it 
is  doubtful  whether  the  protection  thus  secured  is  worth  the 
cost.  Besides,  such  treatment  is  merely  symptomatic  and  does 
not  get  at  the  cause  of  the  trouble,  and  for  that  reason  surface 
insulation,  if  used  at  all,  should  be  supplementary  to  means 
applied  to  the  tracks  for  reducing  leakage  of  stray  currents 
from  the  rails. 

As  to  enamel  coatings  for  protecting  pipes,  I  think  that  is  a 
question  as  to  whether  they  have  suitable  mechanical  properties, 
and  it  is  also  a  question  of  whether  they  are  waterproof.  If 
they  are  absolutely  and  permanently  waterproof,  they  will 
remain  insulating  and  protect  the  pipes,  but  if  they  develop 
slight  flaws  and  permit  the  least  trace  of  moisture  to  soak  through 
and  come  in  contact  with  the  pipes,  local  corrosion  and  pitting 
will  occur. 

Mr.  Bozell  brought  up  the  point  of  placing  the  pipes  on  both 
sides  of  the  street.  That  is  a  good  thing  to  do,  and  it  is  done  a 
good  deal  in  many  places  at  present.  I  am  confident,  however, 
that  that  is  not  sufficient  in  itself  to  reduce  electrolytic  troubles 
to  a  satisfactory  minimum  unless  something  is  done  in  the  way 
of  providing  a  proper  negative  return  for  the  current.  Besides, 
we  have  the  problem  of  protecting  pipes  already  in  place  as  well 
as  those  to  be  laid  in  future. 

Mr.  Barker  brought  up  the  subject  of  alternating-current  elec- 
trolysis. A  good  deal  has  already  been  published  on  that  subject, 
and  among  others  I  may  mention  a  paper  by  Mr.  S.  M.  Kintner, 
published  several  years  ago,  in  the  Ekctric  Journal,  in  which  he 
gave  the  results  of  some  experiments  which  he  carried  on  with 
alternating  current  under  practical  conditions,  and  found  the 
corrosion  was  but  a  fraction  of  a  per  cent  of  the  amount  of 
corrosion  caused  by  direct  current.  Ouj  own  experiments  have 
verified  these  results,  and  I  do  not  believe  that  electrolysis  from 
alternating  currents  is  likely  to  become  a  serious  problem,  except 
in  very  special  cases. 

As  to  the  matter  of  limitation  of  the  voltages,  and  such  limita- 
tion relieving  the  railway  companies  of  responsibility,  as  sug- 
gested by  Mr.  Caldwell,  I  would  not  approve  of  any  specific 
limitation  of  voltage  that  would  relieve  the  railway  companies 
of  responsibility,  unless  it  had  been  absolutely  proved  that  such 
limitation  was  sufficient  to  relieve  electrolysis  troubles  in  a 
satisfactory  manner.  Until  further  data  on  this  point  are  secured, 
I  do  not  think  it  is  wise  to  enter  into  any  agreement  that  will 
relieve  the  railway  companies  of  responsibility  for  the  damage. 

The  subject  of  resistance  joints  in  pipes  was  brought  up,  but 
as  this  subject  is  being  treated  at  length  in  a  report  of  the 
Bureau  of  Standards,  which  is  now  in  preparation,  I  will  not 
attempt  to  discuss  the  matter  here,  other  than  to  say  that  if 
properly  applied  it  may  have  some  value  as  a  secondary  means  of 
electrolysis  mitigation,  but  the  difficulty  with  it  is  that  if  the  t 
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resistance  joints  are  not  inserted  with  sufficient  frequency  there 
will  be  such  a  large  drop  across  the  joint  as  to  injure  the  joint 
itself,  and  unless  it  is  accompanied  by  some  primary  means  of 
mitigation,  in  which  the  potential  gradients  in  the  earth  are 
reduced  to  a  low  value,  it  is  likely  to  become  very  expensive. 

I  think  the  subject  brought  up  by  Mr.  Stott,  that  of  using 
insulated  negative  return  feeders,  is  deserving  of  the  most  care- 
ful consideration.  We  have  given  much  study  to  this  method 
of  reducing  leakage  of  stray  currents  into  the  earth.  I  am  con- 
vinced that  when  properly  applied  it  offers  one  of  the  most 
effective  and  economical  means  of  attacking  the  electroljrsis 
problem.  This  subject  is  being  treated  at  length  in  a  publication 
which  the  Bureau  of  Standards  is  preparing  to  issue  shortly, 
dealing  with  the  subject  of  Electrolysis  Mitigation. 

As  to  the  question  of  current  density  brought  up  by  Mr.  Max- 
well, and  again  by  Prof.  Ganz,  I  might  point  out  that  the  very 
low  current  density  which  he  referred  to,  say  0 .005  of  a  milliam- 
pere  per  square  centimeter,  if  uniformly  distributed  could  not 
produce  any  serious  damage.  Such  a  current  uniformly  dis- 
tributed, even  if  100  per  cent  corrosion  efficiency  be  assumed, 
would  not  produce  any  serious  corrosion  in  less  than  100  years. 
However,  the  method  of  measuring  the  current  was  such  that 
they  measured  average  current,  and  undoubtedly  the  actual 
density  of  current  discharge  was  greater  than  that,  and  that  was 
responsible  for  the  corrosion  which  resulted,  unless  there  was  a 
good  deal  of  soil  corrosion  also.  I  think,  therefore,  that  the  current 
densities  used  in  these  experiments  will  pretty  nearly  include  the 
limits  within  which  damage  may  become  serious  in  practise, 
though  perhaps  they  shotdd  be  extended  a  little  further  on  the 
lower  side,  in  accordance  with  the  calculation  of  Prof.  Ganz. 
By  current  density,  we  mean  not  average  current  density,  but 
the  current  density  at  the  point  where  the  current  is  going  off 
the  pipes  or  where  pitting  takes  place. 
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THE  NATIONAL  ASSOCIATION  OF  CORPORATION 

SCHOOLS 


BY' p.    C.    HENDERSCHOTT 


The  idea  of  a  national  association  of  corporations  maintaining 
or  desiring  to  establish  educational  courses  for  their  employees 
grew  out  of  the  experience  of  the  New  York  Edison  Company's 
commercial  school.  This  company  has  for  some  years  con- 
ducted free  technical  courses  out  of  working  hours  at  which 
attendance  was  optional,  but  the  business-getting  end  of  the 
industry  had  received  little  attention.  In  organizing  a  school 
for  its  salesmen  the  company  found  an  enormous  task  on  its 
hands.  Being  desirous  of  having  the  best  salesmen  possible, 
it  was  willing  to  spend  large  sums  to  perfect  educational  courses. 
A  thorough  canvass  of  existing  practise  in  training  employees 
for  effective  service  was  made  and  many  corporation  schools 
were  visited.  On  the  basis  of  these  studies  an  educational  system, 
involving  lectures  by  experts  and  examinations  based  thereon, 
was  inaugurated,  and  proved  successful  from  the  start. 

The  difficulty  experienced  by  the  Edison  Company  in  securing 
data  on  corporation  schools  suggested  the  possibilities  of  an 
association  that  would  act  as  a  clearing  house  for  corporations 
which,  seeing  the  advantages  to  be  gained  by  educating  their 
employees,  wish  to  start  schools.  Such  an  association  should  be 
of  great  assistance  in  improving  and  enlarging  courses  already 
started  and  increasing  the  efficiency  of  administration  of  these 
courses.  A  few  experts  were  consulted  by  the  officer  of  the 
company  having  charge  of  the  new  school  work  and  a  temporary 
organization  was  effected.  The  industries  were  canvassed  to 
determine  how  such  an  association  would  be  received  and  the 
response  from  many  was  encouraging.    On  January  24,  1913,  a 
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convention  was  held  at  New  York  University,  at  which  a  con- 
stitution was  adopted,  officers  were  elected  and  provision  made 
for  the  appointment  of  working  committees.  There  were  present 
at  this  convention  representatives  of  thirty-seven  corporations, 
all  keenly  interested,  all  desirous  of  allying  their  companies 
with  the  new  organization.  In  a  report  issued  by  the  temporary 
organization  this  statement  was  made: 

'*  The  purposes  of  the  association,  in  brief,  are  to  render  new 
corporation  schools  successful  from  the  start  by  warning  them 
against  the  pitfalls  into  which  others  have  fallen,  and  to  provide 
a  forum  where  corporation  school  officers  may  interchange 
experiences  and  so  improve  the  instruction  in  their  respective 
schools.  The  control  is  to  be  vested  entirely  in  the  member 
corporations,  thus  admitting  only  so  much  of  theory  and  extran- 
eous activities  as  the  corporations  themselves  feel  will  be  bene- 
ficial and  will  return  dividends  on  their  investment  in  time  and 
membership  fees." 

The  report  suggested  the  necessity  for  the  appointment  of 
committees  on  instructors,  on  allied  institutions,  and  on  educa- 
tion.   It  contained  also  the  following  recommendations: 

"1.  It  would  seem  to  be  a  serious  error  for  the  association 
to  attempt  to  formulate  courses. 

"2.  The  association  does  not  propose  to  institute  corres- 
pondence courses,  since  such  activity  would  be  far  removed 
from  the  purposes  of  the  association. 

**3.  The  association  recognizes  that  each  corporation  has 
its  special  requirements.  It  will  be  its  object  to  aid  the  individual 
corporation  in  perfecting  courses  which  best  fit  its  needs." 

The  following  articles  from  the  constitution  are  worthy  of 
quotation,  since  they  show  the  plan  of  membership  and  the 
emphasis  placed  on  the  corporation  as  the  controlling  factor. 

''  Article  III — Membership  " 

"  Section  1.  Members  shall  be  divided  into  three  classes: 
Class  A  (Company  Members),  Class  B  (Members),  Class  C 
(Associate  Members). 

'*  Section  2 .  Class  A  members  shall  be  commercial,  industrial, 
transportation  or  governmental  organizations,  whether  under 
corporation,  firm  or  individual  ownership,  which  now  are  or  may 
be  interested  in  the  education  of  their  employees.  They  shall 
be  entitled,  through  their  properly  accredited  representatives, 
to  attend  all  meetings  of  the  Association,  to  vote  and  to  hold 
"^ce. 
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'*  Section  3.  Class  B  members  shall  be  officers,  managers  or 
instructors  of  schools  conducted  by  corporations  who  are  Class 
A  members.  They  shall  be  entitled  to  hold  office  and  to  attend 
all  general  meetings  of  the  Association. 

"  Section  4.  Class  C  members  shall  be  those  not  eligible  for 
membership  in  Class  A  or  Class  B  who  are  in  sympathy  with 
the  objects  of  the  Association.  They  shall  be  entitled  to  attend 
all  general  meetings  of  the  Association.'* 

'*  Article  VII— Dues  " 

"  Section  1 .  The  annual  dues  of  Class  A  members  shall  be 
$50. 

"  Section  2.  The  annual  dues  of  Class  B  members  shall  be 
$5  and  the  annual  dues  of  Class  C  members  shall  be  $10." 

The  first  meeting  of  the  executive  committee  was  held  on  April 
4.  From  the  reports  presented  it  was  apparent  that  the  move- 
ment is  bound  to  interest  a  large  proportion  of  the  200  or  more 
corporations  now  conducting  educational  work.  The  reports 
showed  also  that  data  on  the  educational  courses  of  industrial 
concerns  all  over  the  country  are  being  collected  and  classified 
by  the  educational  committee. 

Already  the  movement  has  corporations  representing  a 
capitalization  in  excess  of  three  billion  dollars,  and  employing  over 
500,000  employees. 

The  following  is  the  list  of  Class  A  charter  members: — Amer- 
ican Locomotive  Company,  New  York,  N.  Y. ;  Brighton  Mills,  Pas- 
saic, N.  J.;  Brooklyn  Union  Gas  Company,  Brooklyn,  N.Y. ;  Bur- 
roughs Adding  Machine  Company,  Detroit,  Mich. ;  Cadillac  Mo- 
tor Car  Company,  Detroit,  Mich.;  Carnegie  Steel  Company. 
Pittsburgh,  Pa.;  Commonwealth  Edison  Company,  Chicago, 
111.;  Consolidated  Gas  Company  of  New  York,  N.  Y.;  Curtis 
Publishing  Company,  Philadelphia,  Pa. ;  Dodge  Manufacturing 
Company,  Mishawaka,  Ind.;  Henry  L.  Doherty  and  Company, 
New  York,  N.  Y. ;  R.  R.  Donnelley  and  Sons  Company,  Chicago, 
111.;  Thomas  A.  Edison,  Inc.,  Orange,  N.  J.;  General  Electric 
Company,  Schenectady,  N.  Y.;  Haines,  Jones  and  Cadbury 
Company,  Philadelphia,  Pa.;  Larkin  Company,  Buffalo,  N.  Y.; 
National  Cash  Register  Company,  Dayton,  O.;  New  York 
Edison  Company,  New  York,  N.  Y.;  Norton  Company,  Wor- 
cester, Mass.;  Packard  Motor  Car  Company,  Detroit,  Mich.; 
Pennsylvania  Railroad  Company,  Altoona,  Pa. ;  Public  Service 
Corporation  of  New  Jersey,  Newark,  N.  J. ;   M.  Rumely  Com- 
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pany,  LaPorte,  Ind. ;  Spencer  Trask  and  Company,  New  York, 
N.  Y.;  Spirella  Company,  Meadville,  Pa.;  Trow  Directory 
Printing  and  Bookbinding  Company,  New  York,  N.  Y.;  Travel- 
ers Insurance  Company,  Hartford,  Conn.;  Western  Electric 
Company,  Chicago,  111. ;  Westinghouse  Electric  and  Manufactur- 
ing Company,  East  Pittsburgh,  Pa. ;  Yale  and  Towne  Manufact- 
uring Company,  Stamford,  Conn. 

On  September  16-19  the  first  national  convention  of  the  asso- 
ciation will  be  held  in  Dayton,  Ohio,  under  the  auspices  of  the 
National  Cash  Register  Company.  Working  plans  for  the  com- 
ing year  will  be  adopted. 

The  field  of  activity  opening  for  this  body  is  unlimited. 
Corporations  are  fast  being  converted  to  the  theory  of  training 
their  own  men.  They  no  longer  expect  to  find  satisfactory  help 
ready-made,  but  are  now  applying  themselves  to  the  task  of 
making  men  as  well  as  commodities.  The  universitiesand colleges, 
too,  are  seeing  in  this  new  movement  a  link,  long  sought,  between 
our  institutions  of  learning  and  the  business  world,  and  are 
anxious  to  affiliate  and  push  forward  this  new  educational  system. 
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VOCATIONAL    EDUCATION    IN     PHILADELPHIA 
AND  VICINITY 


BY  A.  J.  ROWLAND 


Vocational  Education  is  a  term  which  has  so  wide  a  scope  that 
in  the  following  brief  report  certain  limitations  will  be  established 
which  will,  it  is  hoped,  tend  to  give  a  larger  value  to  the  state- 
ments made  in  it.  The  first  limitation  is  to  consider  only  those 
kinds  of  vocational  education  which  would  be  certain  to  be  of 
direct  interest  to*members  of  the  American  Institute  of  Electrical 
Engineers.  Having  some  doubt  as  to  how  much  vocational  and 
professional  education  overlap,  and  realizing  that  the  general 
character  and  purpose  of  regular  engineering  courses,  and,  for 
that  matter,  of  manual  training  and  trade  school  courses,  are 
quite  well  understood,  the  writer  has  decided  further  to  limit  the 
scope  of  his  section  of  this  report  to  information  regarding  educa- 
tion offered  and  made  available  to  men  whose  emplo)mient  is  in 
or  closely  related  to  engineering  industries.  He  does  this  with  a 
certain  amount  of  regret,  believing  there  are  points  of  interest 
and  matters  worthy  of  discussion  which  might  be  noted  in  regard 
to  various  institutions  in  the  vicinity  of  Philadelphia  which  can- 
not be  referred  to.  Among  other  things  he  has  in  mind  the  engi- 
neering courses  at  Drexel  Institute,  which  have  been  operated 
with  increasing  success  for  many  years,  although  nothing  has 
ever  been  put  into  print  regarding  them,  except  that  which 
appears  in  the  regular  printed  circular.  They  are  laid  along 
lines  somewhat  different  from  those  found  in  university  courses 
on  the  one  hand,  and  are  quite  different  from  courses  in  trade 
or  industrial  schools  on  the  other.  Those  who  operate  them  be- 
lieve they  fill  a  distinct  place  in  engineering  education  and  have 
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a  merit  that  has  not  been  widely  recognized  mainly  because  no 
publicity  at  all  has  been  sought  for  them. 

Having  defined  the  particular  field  of  this  section  of  the  report, 
most  of  what  is  stated  hereafter  relates  to  evening  class  instruc- 
tion; since  the  man  who  is  to  have  technical  training  in  this 
vicinity  must  in  nearly  all  cases  obtain  it  '*  after  hours." 

General  Conditions  in  Evening  Education 

In  Philadelphia  the  educational  opportunities  offered  to  work- 
ers are  not  copied  from  plans  worked  out  elsewhere,  which  are 
now  on  trial  here.  In  every  case  the  classes  have  been  formed  to 
meet  some  definite  need  which  has  been  felt.  Out  of  this  very 
condition  of  affairs  has  arisen  a  process  of  development  in  each 
institution,  all  its  own,  made  with  little  or  no  regard  to  what 
others  have  done  or  may  have  found  desirable.  At  the  present 
time,  however,  a  strong  feeling  has  arisen  that  considerable  im- 
provement could  be  made  by  securing  a  mutual  understanding 
of  plans  of  courses  and  purposes  of  the  institutions  giving  them. 
There  is  certainly  strong  indication,  also,  that  employers  as  well 
as  employees  are  waking  up  to  the  commercial  value  of  technical 
education.  Through  better  understanding  of  each  other  and  by 
hearty  co-operation  between  schools  and  large  employers,  there  is 
every  reason  to  believe  that  the  future  of  vocational  education 
is  to  be  worked  out  in  ways  which  will  be  for  the  good  of  the  city. 

Evening  Class  Problems 

Evening  class  work  in  Philadelphia  presents  certain  problems 
which  are,  no  doubt,  the  same  as  those  encountered  everywhere; 
but  a  statement  of  them  here  will  help  to  make  clearer  the  partic- 
ular kinds  and  arrangements  of  class  work  mentioned  later. 

Many  men  wish  to  be  given  instruction  at  once  and  only  in 
the  particular  branch  of  knowledge  in  which  they  feel  a  need ;  they 
are  impatient  of  preparation  in  mathematics  or  science  or  any 
other  subject.  Thus  a  man  may  never  have  gone  beyond  those 
branches  included  in  primary  school  education,  but  he  wants 
instruction  in  alternating  currents  and  cannot  understand  why 
he  cannot  be  immediately  taught  as  much  of  this  subject  as  any- 
one else  knows.  Standard  systems  of  education  as  used  in  day 
schools  will  not  meet  the  requirements. 

Those  who  seek  evening  class  work  are  often  short-sighted  in 
considering  the  kind  of  training  which  they  need.  Thus  a  man 
employed  in  the  Department  of  Public  Works  may  seek  a  course 
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on  '*  the  laws  regarding  garbage  removal,"  seemingly  unconscious 
that  for  his  real  advancement  he  should  have  instruction  in 
sanitary  engineering.  Or  another  man  wants  to  study  '*  tele- 
phones," not  realizing  that,  could  he  get  the  opinion  of  the  head 
of  his  department,  he  would  find  that  for  real  progress  in  tele- 
phone engineering  he  must  have  a  broad  knowledge  of  physical 
science  and  in  particular  a  thorough  comprehension  of  electrical 
principles  and  applications. 

The  same  narrow  view  of  what  they  need  makes  it  diflSicult 
to  get  students  to  pay  attention  to  a  proper  use  of  the  English 
language;  to  be  careful  of  penmanship  and  spelling;  to  be  neat  in. 
arranging  data;  or  to  have  any  care  except  to  get  certain  partic- 
ular knowledge  of  technical  subjects.  They  are  likely  to  have  no 
thought  of  developing  their  mental  powers  or  of  widening  their 
outlook  either  for  the  practical  purpose  of  increasing  their  op- 
portunities in  life,  or  of  securing  education  merely  for  its  own 
sake. 

Many  a  man  finds  that  tuition  charges,  even  though  they  are 
very  small,  along  with  expenses  for  books,  carfares,  and  perhaps 
for  clothes,  to  maintain  a  creditable  appearance  before  his  class- 
mates, make  a  bar  so  absolute  that  evening  class  work  is  impos- 
sible, no  matter  how  much  he  would  like  to  take  it.  This  is 
particularly  trueof  more  mature  men  with  family  responsibilities, 
great  numbers  of  whom  feel  their  very  great  need  and  yet  realize 
the  hopelessness  of  satisfying  it. 

Other  difficulties  might  easily  be  presented :  there  is  the  short 
time  available  for  teaching  a  given  subject;  the  fact  that,  coming 
at  the  end  of  the  day,  men  are  tired  and  ready  for  rest ;  that  often 
long  distances  must  be  traversed  to  reach  desired  classes. 

Methods  Used  to  Meet  the  Problems 
In  connection  with  the  descriptions  of  classes  and  courses 
later,  it  will  be  found  that  various  definite  methods  are  used  to 
meet  the  problems  just  stated.  In  some  places  students  are 
accepted  for  engineering  training,  no  matter  how  limited  their 
knowledge.  The  instruction  is  then  put  on  a  very  elementary 
basis  and  the  student  gets  what  he  can.  Every  technical  subject 
can  be  explained  to  some  extent  without  demanding  of  the 
student  a  preliminary  knowledge  of  mathematics  or  science. 
Much  good  work  is  done  this  way,  especially  for  those  whose 
interest  is  slight,  or  whose  mental  powers  would  not  respond  to 
any  such  training  as  commonly  precedes  the  study  of  engineering 
subjects. 
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Some  classes  are  at  the  other  extreme.  Definite  entrance  re- 
quirements are  set  and  the  subjects  are  given  on  the  same  basis 
as  regular  college  instruction. 

Most  institutions  arrange  among  their  own  courses  to  so  fit 
things  together  that  the  education  of  a  given  year  may  lead  on  to 
other  things  or  the  work  of  a  single  class  be  widened  out  into  a 
whole  set  of  subjects,  thus  providing  a  way  to  lead  men  on  with- 
out loss  of  time  as  their  views  change  and  they  come  to  under- 
stand the  breadth  and  bearing  of  the  topics  they  have  begun  to 
study. 

DiflSculties  of  many  other  sorts  are  met  by  plans  which  need 
not  be  described  in  detail.  A  short  time  to  cover  a  big  subject 
puts  both  teacher  and  students  on  their  mettle;  no  time  can  be 
lost;  every  topic  undertaken  must  have  a  definite  aim.  Unless 
each  evening  the  student  feels  that  the  loss  due  to  staying  away 
is  so  great  that  he  cannot  afford  it,  something  is  wrong  with  the 
subject  or  the  instructor.  One  of  the  advantages  of  evening 
class  education  is  that  the  class  has  a  definite  goal  and  must  make 
definite  progress  toward  it  every  time  it  meets. 

The  difficulty  of  the  classes  being  evening  classes  is  much  over- 
estimated. Everyone  who  has  passed  the  regular  **  going  to 
school  "  period  in  his  life  does  much  of  his  studying  evenings; 
they  must  be  used  if  one  hopes  to  keep  up  to  the  times.  The 
stimulus  of  a  class  at  work;  of  an  enthusiastic  teacher;  the  pos- 
sibility of  learning  by  the  mistakes  of  others  as  well  as  by  one's 
own;  the  possibility  of  direct  explanation  of  difficult  points;  the 
embarrassment  of  being  called  on  for  something  one  has  not 
looked  up — all  lead  to  the  certainty  that  far  more  can  be  gained 
by  class  work  than  by  sitting  quietly  by  the  library  lamp  at  home 
with  the  best  book  on  the  subject  in  hand.  Sleepy  and  dull 
students  in  an  evening  class  usually  reveal  a  dull,  unresourceftd, 
or  incompetent  teacher. 

The  financial  problem  of  the  evening  student  is  one  of  the  hard- 
est to  solve.  Experience  shows  that  free  classes  are  not  successful. 
Few  people  value  that  which  costs  them  nothing.  Most  institu- 
tions conducting  evening  classes  do  not  expect  the  receipts  from 
tuition  to  come  anywhere  near  to  paying  the  cost  of  instruction. 
The  tuition  fee  is  commonly  so  low  that  it  is  frequently  a  small 
part  of  the  total  expense.  The  writer  knows  of  cases  in  which  the 
railroad  fares,  alone,  of  students  attending  his  classes  were  five 
or  six  times  the  cost  of  tuition.  By  keeping  the  expense  at  the 
lowest  possible  figure,  it  is  certain  that  many  ought  to  be  reached 
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who  simply  cannot  afford  to  pay  the  bills.  As  far  as  the  writer 
knows,  there  has  been  no  firm  in  Philadelphia  as  yet  that  has 
made  arrangements  to  offer  to  help  its  employees  in  this  matter. 
This  is  one  point  where  it  would  be  pleasant  to  see  the  practise 
in  some  other  cities  adopted. 

Possibilities  in  Evening  Education 
The  possibilities  in  evening  education  are  hardly  realized  by 
most  people.  It  is  only  those  who  know  how  evening  students 
work,  and  the  way  they  push  on,  who  can  appreciate  how  much 
they  can  absorb  in  a  limited  time  if  the  work  is  careftdly  laid 
out.  It  sometimes  seems  as  though  the  very  fact  that  their 
attention  in  school  work  is  focussed  wholly  on  one  or  two  sub- 
jects enables  them  to  grasp  new  things  and  understand  diflScult 
matters  in  an  imusual  way.  In  a  majority  of  cases  students 
who  seek  vocational  training  in  evening  classes  are  already  em- 
ployed in  work  of  a  definite  character  in  which  they  see  prospects 
of  advancement.  They  know  what  kind  of  knowledge  they  want 
and  what  they  are  going  to  do  with  what  they  get.  They  see 
at  once  the  practical  bearing  of  theoretical  principles  and  have 
a  point  of  view  quite  different  from  that  of  most  students — even 
college  men. 

It  is  a  pity  that  the  miscellaneous  character  of  evening  courses 
which  are  offered,  and  the  diversity  of  entrance  requirements, 
lead  to  misunderstanding  in  many  cases  as  to  what  those  who 
finish  them  really  know.  While  very  elementary  work  is  done 
in  subjects  commonly  considered  the  heavier  and  more  theoretical 
in  engineering  work,  there  are,  at  the  other  extreme,  courses  for 
which  exacting  entrance  requirements  are  set,  in  which,  in  char- 
acter and  scope,  the  training  is  equal  to  that  given  seniors  in 
college. 

Exclude  shop  courses  and  the  like  for  rather  obvious  reasons, 
and  the  writer  believes  that  if  a  comprehensive  plan  of  dealing 
with  this  matter  of  kind  of  courses  and  entrance  requirements 
were  possible,  men  could  be  properly  classed  by  considering  their 
previous  knowledge  and  started  on  cotunses  of  training  which 
could  be  indefinitely  continued;  while  the  student  would  be 
sure  of  direct  value  from  what  he  had  taken,  no  matter  at  what 
point  he  chose  to  interrupt  his  cotu'se.  At  present  a  man  starting 
upon  a  vocational  course  is  likely  a  little  later  on  to  find  that 
he  has  reached  a  point  in  education  from  which  he  can  make  no 
direct  advancement.    If  he  enters  a  trade  course,  some  bar  in 
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mathematics  or  science  will  prevent  his  going  on  with  advanced 
work.  The  knowledge  he  already  has  in  the  line  which  interests 
him  must  be  dropped  and  a  new  start  be  made.  A  man  who  has 
done  well  in  a  trade  course  in  plumbing  cannot  enter  a  class  in 
sanitary  engineering  even  though  he  knows  much  more  about 
practical  problems  in  the  subject  than  many  men  who  have  a 
different  preparation.  The  pity  of  it  is  that  there  are  always  a 
few  men  who  take  courses  of  a  simple  kind,  the  best  in  their 
classes,  who  should  be  encouraged  to  go  further.  Such  condi- 
tions are  especially  bad  when  a  change  from  one  institution  to 
another  must  be  made. 

If  such  a  comprehensive  plan  were  possible,  the  applicants 
would  be  divided  into  four  grades: 

1.  Men  who  have  completed  technical  high  school  courses; 
who  are  therefore  ready  by  educational  preparation  and  by 
mental  ability  to  enter  immediately  college  grade  work,  which 
would  be  provided  for  them. 

2.  Younger  men  and  boys  who  have  completed  or  nearly 
completed  grammar  school  training.  They  may  be  given  work 
of  higb. school  character  selected  so  that  they  shall  receive,  in  as 
brief  time  as  possible,  training  in  subjects  making  them  able  to 
enter  classes  along  with  those  received  directly  into  grade  1. 

3 . "  Older  men  who  have  been  long  away  from  school  work  and 
who  find  mathematical  operations  and  technical  reasoning  hard. 
They  should  immediately  be  given  training  in  principles  and 
practise  along  lines  in  which  they  need  instruction,  but  with  such 
arrangements  that  along  with  this  they  may  gain  that  knowledge 
of  mathematics  and  science  which  will  eventually,  if  they  choose 
to  continue  their  study  work  long  enough,  lead  as  far  as  the 
courses  arranged  for  men  in  grade  1. 

Into  such  an  arrangement  men  may  fit  who  occupy  positions 
of  responsibility,  or  who  for  special  reasons  would  feel  uncomfort- 
able in  classes  with  boys  fresh  from  school,  and  do  excellent  work 
there.  The  writer  has  conducted  classes  of  this  character  in 
which  men  over  sixty  years  of  age  were  scholars. 

This  grade  also  provides  a  definite  place  for  men  who  hold 
executive  positions  and  want  a  sort  of  *'  business-engineering  " 
training  of  somewhat  indefinite  scope. 

4 .  Similar  to  grade  3  but  arranged  for  boys  and  young  men 
who  must  secure  a  certain  amount  of  technical  training  at  once; 
or  who  are  not  sure  until  they  try  it  whether  their  tastes  run  to  a 
life  work  along  technical  lines.  Men  and  boys  who  seek  instruc- 
tion in  trade  courses  belong  in  this  grade. 
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A  man  who  followed  along  any  of  these  lines  as  far  as  he  could 
go  should  have  a  training  equivalent  to  that  of  a  college  or  uni- 
versity.    His  course,  however,  might  be  many  yeax^  in  length. 

The  Part  the  School  Should  Take 
In  any  educational  scheme  the  scope  of  the  school  work  has  to 
be  determined  and  limits  set  for  it.  This  is  as  true  for  vocational 
education  as  for  any  other  sort.  The  writer  believes  that  the 
tendency  of  the  day  in  many  lines  of  vocational  education  is  to 
do  too  much  in  the  school;  while  in  others  the  part  which  schools 
should  take  is  scarcely  recognized. 

In  vocational  work  connected  with  the  trades  the  first  difficulty 
is  common.  Very  many  schools  give  trade  instruction  in  the 
machinist  and  pattern-making  trades.  Starting  with  these  two, 
it  is  very  easy  to  expand  to  include  a  dozen  others,  and  then  the  ' 
question  arises  as  to  why  only  these  particular  ones  should  be 
taught.  Why  should  not  instruction  be  provided  for  every  trade 
under  the  sun?  Such  elaboration  involves  requirements  in  the 
way  of  space  and  equipment  which  are  appalling  to  contemplate. 
An  army  of  specialists  to  teach  all  these  things  would  have  to  be 
found.  Now  by  reviewing  the  trades  and  the  kind  of  instruction 
required  in  each,  it  is  possible  to  find  certain  principles  and 
practise  common  to  large  groups.  It  wotdd  be  easy  to  pick  a 
group  in  which  an  ability  to  read  drawings  is  required;  ftmda- 
mentals  regarding  force,  work,  power,  pressure,  etc.,  apply  in  all; 
a  knowledge  of  belting,  shafting,  and  transmission  machinery 
is  essential;  certain  principles  regarding  the  kinds  of  tools  used 
and  how  they  are  best  used  are  needed  in  every  trade.  The 
school  can  easily  give  instruction  in  such  lines  and  its  equipment 
would  naturally  be  planned  for  it.  The  direct  use  of  particular 
machinery,  on  the  other  hand,  and  the  detailed  application  of 
principles  to  a  particular  trade,  ought  to  be  gained  imder  strictly 
conmiercial  conditions  in  connection  with  the  production  of  a 
definite  output.  This  usually  involves  special  methods  and 
machinery  distinctive  to  each  plant  and  factory.  Instruction  to 
this  end  should  be  given  in  the  factory  itself  and  be  specialized 
to  the  extreme. 

The  same  thing  holds  outside  of  trade  instruction.  In  the  elec- 
trical industries,  if  knowledge  outside  the  routine  of  daily  work 
is  desirable  at  all,  much  of  it  applies  to  every  line  of  work.  The 
general  principles  of  direct  and  alternating  current  flow  come 
into  everything  electrical.    A  knowledge  of  resistance  and  im- 
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pedance  once  gained,  the  employee  of  a  telephone  company 
makes  the  application  as  readily  as  the  man  operating  machinery 
in  an  a-c.  generating  station.  The  generation  of  e.m.f .  by  cutting 
flux  and  the  arrangement  of  armature  windings  for  dynamos  and 
motors  have  enormously  wide  application.  The  principles  are 
as  important  to  the  switchboard  man  in  a  central  station  as  to 
the  armature  winder  in  a  repair  shop.  Mechanical  thrust  on 
conductors  carrying  current  in  magnetic  fields  of  force,  and  speed 
and  torque  relations  for  motors,  have  an  interest  to  the  instrument 
maker;  while  their  application  is  readily  made  for  himself  by  the 
man  concerned  with  interurban  car  work. 

The  equipment  required  in  order  to  show  a  student  any  of 
these  things  is  so  different  from  that  found  in  commercial  uses, 
while  electrical  apparatus  once  installed  affords  so  little  oppor- 
tunity for  intelligent  examination  of  its  properties,  that  no  cor- 
poration is  able  to  give  instruction  in  such  principles  to  its  em- 
ployees unless  the  equipment  of  the  school  laboratory  is  dupli- 
cated ;  and  if  it  is,  the  experienced  teacher  is  lacking.  Few  people 
realize  how  scant  are  the  opportunities  to  learn  in  connection 
with  practical  work.  Regular  class  work  accompanied  by  indi- 
vidual laboratory  experience  is  the  only  way.  On  the  other  hand, 
the  school  can  never  teach  satisfactorily  a  great  variety  of  sub- 
jects important  to  be  known  by  employees  if  they  are  to  be  of 
real  use  to  their  employers.  Such  topics  are:  the  arrangement  of 
a  distribution  system,  and  why;  the  use  of  certain  kinds  of  equip- 
ment in  connection  with  certain  kinds  of  installation;  kind  of 
insulation  used,  and  why;  preferred  practise  in  operating  or  in 
dealing  with  troubles,  etc. 

Hence,  in  all  sorts  of  vocational  work  the  school  and  the  cor- 
poration each  has  its  own  part  to  play;  each  a  special  kind  of  in- 
struction to  give. 

Examples  of  Courses 

1 .  Drexel  Institute  has  conducted  evening  classes  for  twenty 
years.  The  principles  upon  which  they  are  founded  are,  that  the 
same  opportunities  shall  be  offered  as  to  day  students  by  the  same 
trained  faculty  used  to  the  work  and  working  together.  Every 
member  of  the  faculty  personally  teaches  evening  classes;  all 
the  facilities  of  shops  and  laboratories  are  put  at  the  disposal  of 
evening  students. 

When  the  work  was  started,  a  list  of  courses  like  those  for  day 
students  was  made  up  and  offered  in  evening  classes.  Instructors 
met  those  who  came;  found  what  they  were  seeking  and  planned 
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definite  classes  and  inter-relations  of  classes  to  meet  the  require- 
ments. This  process  has  been  continued  to  the  present  time. 
One  of  the  remarkable  things  connected  with  it  is  the  constant 
demand  for  work  of  still  higher  and  more  exacting  character. 
The  classes  now  cover  nearly  as  wide  a  range  as  for  day  students, 
although  they  are  planned  expressly  for  the  men  who  come  to 
them  and  are  largely  elective.  The  Department  of  Science  and 
Technology  includes  mathematics,  chemistry,  physics,  electrical 
engineering,  mechanical  engineering,  and  civil  engineering.  The 
classes  at  present  offered  by  this  department  include  forty  differ- 
ent ones,  twenty-three  being  engineering  subjects.  Definite 
provision  is  made  to  receive  students  at  either  the  end  of  grammar 
school  education  or  the  end  of  a  high  school  course.  All  students 
must  meet  fixed  entrance  requirements;  usually  by  examination. 
Any  subject  may  be  taken  separately  if  its  entrance  requirements 
can  be  met.  Five  years  ago,  on  account  of  a  certain  demand, 
elective  groupings  of  higher  grade  science  and  engineering  sub- 
jects were  offered,  and  now  a  considerable  majority  of  the 
students  are  enrolled  this  way  for  rather  long  courses.  The 
normal  rate  of  attendance  is  three  evenings  per  week  for  the  six 
months  October  to  March,  inclusive.  Enough  home  work  ac- 
companies any  course  to  occupy  most  of  the  other  evenings  of 
the  week.  The  fees  are  very  small.  A  young  man  who  enters 
at  the  point  where  grammar  school  closes,  must  attend  for  three 
winters  in  order  to  reach  a  point  where  he  can  meet  the  entrance 
requirements  to  subjects  arranged  for  those  who  have  completed 
a  high  school  course  before  beginning  their  evening  work.  ^  Two 
more  years  of  training  lead  to  a  certificate  granted  for  a  **  major  " 
in  some  division  of  work  in  the  department,  and  a  "  minor  "  in 
another.  Most  of  the  students  are  quite  mature.  During  the 
past  session  775  men  were  enrolled;  489  of  them  for  comprehen- 
sive cotirses.  A  considerable  number  of  students  come  to  the 
evening  classes  from  points  outside  the  city;  some  from  as  far  as 
thirty  or  forty  miles  away. 

Along  with  the  regular  engineering  classes  certain  ones  are  in- 
cluded of  rather  elementary  character.  Applied  electricity,  as  an 
example  of  one  of  them,  is  given  only  to  mature  men,  and  deals 
with  the  topics  of  djmamos,  motors,  lights,  and  wiring.  To  enter 
it,  a  knowledge  of  simple  arithmetic,  including  mixed  numbers, 
decimals,  percentage,  and  proportion,  is  required. 

In  addition  to  the  courses  mentioned,  Drexel  Institute  offers 
shop  training  to  a  limited  number  of  men  in  machine  and  wood 
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shop;  to  a  considerable  number  in  drawing  courses  following 
old-fashioned  lines;  to  a  group  in  architecture  and  building  con- 
struction. The  total  number  of  men  students  in  evening  classes, 
1912-13.  is  nearly  1100. 

2 .  The  Franklin  Institute  has  offered  evening  class  work  longer 
than  any  other  school  in  the  vicinity.  Courses  in  chemistry, 
natural  philosophy,  mechanics,  architecture,  and  mechanical 
drawing  were  established  in  the  spring  of  1824.  The  mechanical 
drawing  classes  have  been  given  continuously  since. 

A  dozen  years  ago  a  demand  arising  through  drawing  work  was 
met  by  establishing  classes  in  elementary  mathematics.  A  local 
demand  from  men  employed  in  the  shipyards  of  the  vicinity  for 
training  in  their  line  of  work  came  at  about  the  same  time.  Out 
of  these  grew  other  demands,  extending  the  scope  and  character 
of  the  instruction  offered.  The  work  is  now  conducted  in  four 
departments:  drawing,  mathematics,  mechanics,  naval  architec- 
ture. The  mechanical  drawing  is  comprehensive;  the  mathe- 
matics includes  the  high  school  branches;  mechanics  includes 
strength  of  materials,  machine,  structural  design,  and  steam 
engine;  naval  architecture  includes  three  classes  succeeding 
one  another.  This  last  subject  illustrates  very  well  the  way  in 
which  classes  have  been  formed  to  meet  local  needs.  Philadel- 
phia has  two  large  shipbuilding  companies  and  many  smaller 
ones  in  or  near  it.  A  very  close  relation  exists  between  these 
companies  and  the  course  in  naval  architecture. 

Diuing  the  session  just  completed  306  students  were  in  attend- 
ance. Entrance  to  classes  is  by  certification  from  Philadelphia 
schools;  by  transfer  of  credits  from  schools  in  other  cities;  by  ex- 
amination. The  school  year  is  made  up  of  two  terms  of  fourteen 
weeks  each,  the  classes  being  in  session  from  7:15  to  9:15.  Most 
classes  meet  two  evenings  per  week.    The  fees  are  nominal. 

Most  people  know  the  Franklin  Institute  and  understand  how, 
through  its  many  activities,  the  city  is  under  obligation  to  it. 
Through  lectures,  researches,  its  library,  and  its  Journal  a  very 
wide  educational  work  is  carried  on. 

3 .  The  Y,  M,  C,  A,  in  Philadelphia  is  a  bureau  of  information 
at  which  very  many  young  men  inquire  when  seeking  advice 
regarding  self-improvement.  In  the  past  few  years  it  has  been 
decided  to  establish  classes  in  technical  lines.  Among  other 
special  kinds  of  work  for  which  a  demand  has  been  made  is 
instruction  in  estimating.  During  the  past  session,  in  the  School 
of  Mechanic  Arts,  classes  have  been  conducted  in  mechanical 
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drawing,  including  shop  mathematics;  in  physics;  in  applied 
electricity;  and  in  chemistry  (an  elaborate  course  covering  the 
range  of  college  work).  At  the  request  of  the  Department  of 
Public  Works  of  the  city  government,  classes  in  engineering  for 
power  plant  operators  have  been  organized  with  moderate  suc- 
cess. A  very  successful  class  in  practical  chemistry  for  laundry- 
men  affords  an  example  of  a  real  cooperative  class  arranged  to  meet 
a  local  need.  The  School  of  Building  Construction  includes  sub- 
jects in  **  practical  work  only,  taught  by  practical  men."  They 
are  architectural  drawing,  mathematics,  building  construction, 
estimating  from  building  plans  or  specifications;  heating  and 
ventilating,  including  estimates;  and  electrical  construction,  in- 
cluding estimates  on  electrical  equipment. 

In  some  of  the  classes  the  aid  of  experienced  teachers  from  the 
Williamson  Free  Trades  School  has  been  secured. 

The  laboratory  equipment  for  the  work  is  being  gradually  in- 
creased. Much  larger  facilities  are  expected  in  connection 
with  new  building  construction  about  to  begin. 

The  sessions  run  from  the  end  of  September  to  the  end  of  May, 
the  fees  corresponding  to  those  of  other  local  schools. 

4 .  Temple  University ^  in  its  College  of  Arts  and  Sciences,  offers 
evening,  afternoon,  and  Saturday  classes.  One  of  the  original 
purposes  in  the  founding  of  this  university  was  the  arrangement 
of  a  college  course  for  students  who  could  not  attend  regular 
day  sessions.  The  work  is  of  the  same  grade  and  scope  as  that 
undertaken  in  the  day  classes  and  students  who  have  fulfilled 
the  entrance  requirements  are  given  credit  toward  the  bachelor's 
degree  for  such  work.  Special  students,  properly  qualified, 
may  be  admitted  to  any  of  the  classes.  In  forming  courses,  the 
subjects  are  not  arranged  in  the  usual  plan  for  four  college  years, 
but  according  to  subject  matter;  the  student  taking  a  larger  or 
smaller  number  of  classes  according  to  his  circumstances.  In 
technical  work  a  civil  engineering  department  is  established,  the 
classes  including  those  usual  in  a  standard  college  course.  The 
classes  are  put  into  five  groups:  I.  Preparatory  to  engineering 
groups  (mathematics,  drawing,  chemistry).  II.  Surveying  (in- 
cluding descriptive  geometry,  railroads,  calculus).  III.  Structural 
engineering  (strength  of  materials,  roofs  and  bridges,  bridge  and 
truss  design).  IV.  Hydraulics  (including  steam  engine  and  ap- 
plied electricity).  V.  Other  subjects  required  to  gain  the  degree 
of  B.S.  At  the  present  time  no  students  have  advanced  beyond 
the  work  which  naturally  falls  into  the  sophomore  Jyear  of  a 
college  course. 
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5 .  Spring  Garden  Institute  conducts  a  three-year  evening  course 
in  electricity.  This  was  originated  by  the  late  C.  Walton  Swoope, 
whose  text  book,  "  Lessons  in  Practical  Electricity,"  is  widely 
known.  The  course  has  the  distinct  merit  of  originality  and  in- 
dividuality. Students  are  accepted  for  the  first  year's  work  with- 
out any  requirement  except  their  wish  to  follow  the  course.  The 
first  year's  instruction  is  obviously  the  most  difficult  for  the  teacher , 
and  is  given  partly  by  lecture  and  partly  by  an  ingenious  system  of 
class  laboratory  work.  Mathematics  and  science  required  to  un- 
derstand the  electrical  work  are  given  as  part  of  the  instruction. 
The  first  year's  class  is  limited  to  150  students;  100  is  the  pre- 
ferred number.  Students  attend  two  evenings  a  week.  In  later 
years  of  the  course  individual  laboratory  work  takes  most  of  the 
time.  The  laboratories  have  a  good  equipment  and  the  work  is 
well  planned.  The  course  includes  little  or  nothing  which  would 
be  foimd  in  an  electrical  trade  course.  There  seems  to  be  no 
demand  for  that  kind  of  work  in  Philadelphia ;  the  school  work 
is  limited  to  explaining  **  how  "  and  ''  why  "  and  verifying  the 
facts  by  experimental  measurements. 

The  Spring  Garden  Institute  also  conducts  a  course  in  metal 
shop  work,  particularly  for  machinists,  which  is  attended  by  a 
moderate  number  of  students. 

6 .  The  Philadelphia  Textile  School  of  the  School  of  Industrial 
Art  conducts  evening  classes  in  a  large  number  of  subjects  relating 
to  the  textile  industries.  Philadelphia  contains  between  seven 
and  eight  hundred  spinning,  weaving,  and  knitting  establish- 
ments, and  more  than  one  hundred  dyeing  and  finishing  works. 
The  presence  of  these,  along  with  all  the  allied  industries,  includ- 
ing the  makers  of  machinery  for  these  manufacturing  enterprises, 
explains  the  need  of  these  classes.  The  evening  classes  cover  in  a 
general  way  what  is  given  in  the  day  classes.  Weave  formation, 
warp  formation  and  weaving;  fabric  analysis;  study  of  power 
loom;  cotton,  woolen,  worsted  yam  manufacture;  chemistry  and 
dyeing;  jacquard  design,  etc.,  are  included,  and  groupings  of  sub- 
jects are  made  to  meet  the  particular  requirements  of  each  indi- 
vidual case.  This  is  true  vocational  work  given  to  men  who  want 
far  higher  and  better  knowledge  than  simply  how  to  operate  the 
machinery  of  the  industry,  a  knowledge  which  cannot  possibly 
be  obtained  as  part  of  their  daily  occupation.  The  laboratories 
contain  a  large  amount  of  machinery  and  appliances  which  are 
used  in  connection  with  the  evening  work  so  far  as  time  available 
and  the  nature  of  their  products  will  permit.    The  same  faculty 
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which  conducts  the  day  classes  handles  the  evening  work  in  the 
same  subjects.  Attendance  is  three  evenings  per  week  for  the 
term  of  six  months,  the  fee  for  any  of  the  regular  courses  being 
$15. 

In  the  art  department  of  the  same  school,  classes  are  offered  in 
industrial  drawing,  constructive  design,  and  pottery. 

7.  The  Philadelphia  Trades  School  is  the  first  in  the  United 
States  to  be  conducted  as  part  of  the  public  school  system.  It 
was  opened  in  October,  1906.  At  the  present  writing  an  annex 
is  operated  in  connection  with  it  (both  in  the  central  part  of  the 
city),  and  another  school  (No;  2),  under  separate  management, 
is  conducted  in  a  different  district. 

In  the  evening  classes  of  school  No.  1  over  a  thousand  men  are 
receiving  vocational  training  in  bricklaying,  carpentry,  pattern 
making,  electrical  construction,  architectural  and  mechanical 
drafting,  house  and  sign  painting,  plumbing,  printing,  sheet  metal 
working.  The  largest  classes  are  those  in  electrical  construction 
(216),  in  plumbing  (262),  in  sheet  metal  work  (142).  The  two 
last  named  form  true  vocational  schools  of  the  cooperative  type, 
for  students  are  not  accepted  unless  they  are  working  at  the  trades 
in  which  they  seek  instruction. 

The  whole  sheet  metal  working  industry  not  only  endorses 
the  course  in  this  subject  and  encourages  the  attendance  of  work- 
ers, but  has  made  attendance  at  the  school  part  of  the  apprentice 
agreement.  The  students  come  from  fifty-six  shops  in  the  city. 
The  course  is  four  years  in  length  and  requires  attendance  three 
evenings  per  week  for  a  six  months'  session  in  each  year.  Train- 
ing in  the  trade  work  takes  most  of  the  time,  but  work  in  men- 
suration, geometry,  simple  physics,  and  mechanical  drawing  is 
included. 

The  fact  that  the  cooperation  of  the  Master  Pltunbers'  Asso- 
ciation in  the  plumbing  course  is  as  thorough  and  satisfactory 
as  that  of  the  Sheet  Metal  Workers  shows  their  estimate  of  it. 
The  work  follows  similar  lines  to  those  of  the  class  described  in  the 
preceding  paragraph.  There  is  no  regular  apprenticeship  among 
Philadelphia  plumbers,  but  there  is  a  state  law  demanding  exam- 
ination to  secure  master's  licenses,  and  graduates  who  are 
twenty-one  years  old  (the  minimum  age)  easily  meet  the  require- 
ments. 

In  most  trade  courses  the  instruction  is  rather  closely  limited 
to  developing  intelligent  skill  in  manipulation.  Mathematics 
or  drawing  is  made  to  fit  closely  to  the  trade  requirements,  ^~^^^f<cf]c 
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class  in  electrical  construction  follows  somewhat  different  lines. 
There  is  a  mathematics  requirement  and  the  course  runs  for  six 
winters  to  graduation.  Mathematics  instruction  is  carried 
through  trigonometry,  and  the  electrical  instruction  includes  con- 
siderable theory  along  with  the  trade  work. 

It  is  very  probable  that  in  the  immediate  future  close  relation 
may  be  established  with  trade  organizations  in  other  trades 
precisely  like  that  now  holding  for  plimibing  and  sheet  metal 
working.  Continuation  school  work  is  also  likely  to  be  estab- 
lished in  the  near  future. 

8 .  The  Pennsylvania  Railroad.  '  Within  a  few  months  past  a 
definite  course  of  instruction  in  electrical  engineering  and  asso- 
ciated subjects  has  been  offered  the  employees  of  the  Pennsyl- 
vania Railroad  under  the  direction  of  Mr.  J.  C.  Johnson,  super- 
intendent of  telegraphs.  This  is  a  correspondence  course  devised 
especially  to  meet  the  requirements  of  railroad  men.  That  it 
has  been  well  received  by  those  for  whom  it  has  been 
prepared  is  plain  when  it  is  stated  that  at  the  present  time  about 
eight  thousand  men  have  enrolled  as  students,  with  the  prospects 
good  for  an  enrolment  of  more  than  ten  thousand  soon.  This  has 
happened  without  any  attempt  to  urge  the  course  on  the  men; 
they  have  rather  clamored  for  the  opportunity  to  take  it.  The 
establishment  of  the  course  has,  however,  nothing  to  do  with  the 
"  electrification  '*  of  the  system  in  and  around  Philadelphia. 
The  course  was  launched  and  the  students  enrolled  before  this 
was  decided  on.  The  instruction  is  not  especially  directed  to 
topics  connected  with  traction  problems. 

This  educational  course  is  not  a  thing  begun  in  haste.  It  is 
simply  the  last  step  which  has  been  taken  as  a  natural  develop- 
ment of  efforts  made  to  help  those  who  have  never  had  a  chance 
to  secure  technical  education.  Mr.  Johnson  for  twenty  years 
past  has  been  doing  educational  work  with  and  for  railroad 
employees  with  whom  he  has  been  associated. 

When  this  correspondence  course  was  considered  and  about 
to  be  started,  it  developed  that  men  in  all  departments  of  the 
company  wanted  to  secure  its  advantages.  As  Mr.  Johnson 
himself  says,  *'  Where  can  the  line  be  drawn?  Every  railroad 
employee  from  the  president  down,  touches  electrical  applica- 
tions of  some  kind  in  his  daily  routine.  It  may  be  in  connection 
with  the  telephone  or  the  telegraph,  or  call  systems,  or  in  con- 
nection with  lighting  or  motive  power.  Everyone  in  all  the 
departments  wants  to  know  something  about  electricity."    ^i^ 
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So  far,  four  well-illustrated  pamphlets  have  been  issued,  as 
follows:  **  General  Information,"  '*  Mathematics — Elementary 
Arithmetic,'*  '*  Elementary  Electricity — Primary  Batteries," 
"  Elementary  Electricity — Direct  Current." 

The  complete  course  is  to  cover  a  wide  range  of  subjects,  in- 
cluding drawing,  mathematics,  telegraphy,  telephony,  signal- 
ing, lighting,  electric  traction,  power  plant  apparatus,  and 
line  construction.  In  electricity  alternating-current  as  well  as 
direct-current  principles  and  applications  are  given.  The  instruc- 
tion can  be  secured  only  by  employees  of  the  railroad.  The 
papers  and  pamphlets  are  furnished  them  free  of  charge  with  the 
understanding  that  they  may  be  kept  for  future  reference.  So 
much  work  has  already  arisen  in  connection  with  answers  to  the 
questions  which  form  the  lessons,  and  from  the  "  question  box  " 
which  has  been  established,  that  branch  offices  have  been  opened 
in  Buffalo,  Pittsburgh,  Altoona,  and  two  in  New  York. 

It  is  certain  that  even  though  only  a  small  proportion  of  the  men 
who  enroll  go  on  to  finish  the  course,  all  will  at  least  have  gained 
some  knowledge.  It  is  with  this  feeling  that  the  course  has  been 
launched;  a  desire  to  do  as  much  as  possible  for  employees  who 
are  hungry  for  knowledge,  many  of  whom  by  environment, 
location,  or  character  of  daily  employment  have  never  had  the 
opportunity  to  learn. 

The  School  of  Telegraphy  of  the  Pennsylvania  Railroad  is 
another  important  educational  work.  This  school  is  located  at 
Bedford,  Pa.,  a  location  selected  so  that  the  expense  of  a  course 
can  be  kept  to  a  moderate  figure.  It  was  started  by  Mr.  Johnson 
in  1907  and  is  of  course  under  the  control  of  his  department. 
Healthy  young  men  between  seventeen  and  twenty-five  years  of 
age  having  a  fair  common  school  education  are  eligible  to  its 
classes.  Students  may  enter  at  any  time  and  are  graduated  in 
six  or  eight  months.  A  small  tuition  fee  is  charged,  but  after 
graduation  this  is  returned.  At  graduation  all  are  given  posi- 
tions with  the  railroad  and  on  proving  their  worth,  are  in  line 
for  promotion.  The  school  has  an  equipment  for  teaching 
not  only  telegraph  sending  and  receiving,  but  also  the  use  of  the 
telephone  in  connection  with  railroad  work.  A  complete  tele- 
phone train  dispatching  system  is  in  operation,  consisting  of  a 
dispatcher's  outfit  and  way-stations  with  selectors.  A  miniature 
railway  is  installed  with  block  signals,  etc.,  on  which  trains  are 
run,  the  stations  being  equipped  with  main  line  instruments, 
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switchboards,  and  signals,  each  in  charge  of  a  student  operator. 
Block  and  train  orders,  messages,  and  reports  are  transmitted 
as  they  would  be  in  regular  service. 

The  instruction  further  includes  the  duties  of  a  station  agent; 
account  keeping  on  the  company's  regular  forms;  and  the  book 
of  rules  for  the  government  of  the  transportation  department. 
At  present  there  are  about  twenty-five  young  men  in  the  school. 


In  connection  with  the  Pennsylvania  Railroad  Y.  M.  C.  A. 
work  in  Philadelphia,  there  was  established  two  years  ago  a 
course  of  lecture  instruction  on  railway  electricity  for  motive 
power  purposes.  During  the  first  year  this  was  of  general  char- 
acter, the  lecturers  using  lantern  slides,  models,  etc.,  to  explain 
in  general  terms  the  systems  and  the  apparatus  in  use  for  such 
work.  The  second  year  the  course  has  been  more  definite,  more 
direct  instruction  methods  being  used.  The  class  has  been  in 
charge  of  Mr.  Eugene  P.  Chase,  electrical  instructor  of  the  Penn- 
sylvania Railroad  at  the  New  York  terminal.  With  the  aid  of 
full-size  interurban  car  equipment,  the  work  has  been  made  very 
practical.  The  writer  has  been  particularly  interested  in  this 
class,  as  the  result  of  his  having  the  honor  and  pleasure  of  giving 
the  instruction  at  the  beginning  of  the  course  on  the  general 
fundamental  principles  which  apply.  It  has  been  remarkable 
to  observe  how  a  class  of  sixty  men,  many  of  them  in  mature  life, 
most  of  them  holding  responsible  positions,  such  as  road  foreman 
of  engines  and  the  like,  have  held  together  through  bad  and 
cold  weather  with  a  constant,  lively,  maintained  interest.  The 
course  closes  in  April.    Another  class  is  formed  immediately. 


In  connection  with  machine  shop  apprenticeships  at  the  West 
Philadelphia  shops  of  the  railroad,  there  are  regular  classes 
operated  on  the  *'  continuation  '*  plan,  attendance  being  com- 
pulsory and  on  the  company's  time.  The  instruction  is  handled 
from  Altoona,  and  was  outlined  in  the  1912  report  of  the  Educa- 
tional Committee  of  the  Institute  on  "  Industrial  Education.** 

9.  The  Bell  Telephone  Company s  Plant  Schools  in  Philadel- 
phia. Eight  years  ago  an  installer's  school,  primarily  for  the 
systematic  instruction  of  the  employees  of  the  plant  department 
of  the  Bell  Telephone  Company,  was  established.  An  enormous 
increase  in  plant  extensions  to  meet  the  demand  for  telephone 
service  had  to  be  made  and  the  required  number  of  trained  main- 
tenance employees  and  private  branch  exchange  installers  could 
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not  be  secured.  During  1906  the  company  enlarged  and  perfected 
the  school  work,  carrying  on  a  Central  OflSce  School  and  sepa- 
rately a  Private  Branch  Exchange  School  and  a  Substation  School 
including  line  and  cable  work.  These  schools  have  been 
abandoned.  They  were  required  and  considered  a  necessary 
part  of  conducting  the  telephone  company's  business  while  thirty 
per  cent,  or  less,  of  the  men  of  the  plant  department  were  un- 
skilled workers.  Today  probably  90  per  cent  of  the  employees 
are  trained  men,  and  in  connection  with  their  every-day  work  they, 
or  some  of  them,  assume  the  responsibility  for  the  proper  in- 
struction and  training  of  apprentices  or  helpers. 

While  the  schools  were  operated,  they  were  managed  by  men 
whose  whole  time  was  given  to  teaching,  and  were  so  conducted 
that  regular  instruction  in  electrical  theory,  in  so  far  as  it  woidd 
apply  to  the  practise  of  the  company  in  telephone  work,  was  given 
in  a  systematic  school  way.  The  equipment  included  circuit 
charts  and  standard  apparatus..  The  methods  of  practical  in- 
struction were  carefully  worked  out  to  fit  the  requirements  of 
the  case,  and  as  many  as  forty  students  were  cared  for  at  one 
time,  an  average  of  300  students  passing  through  the  schools  per 
year.  Not  only  new  employees,  but  older  ones,  were  brought 
into  the  schools,  the  number  attending  at  any  time  depending 
on  the  amount  of  work  then  in  progress  or  in  prospect.  In  the 
case  of  new  employees  about  seventy-eight  per  cent  passed  the 
instruction  work  with  an  average  considered  sufficient  for  con- 
tinued employment.  The  Substation  School  was  of  lower  grade 
than  that  dealing  with  central  office  equipment  and  apparatus. 
Admission  to  the  Central  Office  School  was  granted  ordinarily 
only  to  those  who  had  had  the  other  training  and  a  considerable 
amount  of  practical  experience.  The  period  of  instruction  in 
each  school  was  about  six  weeks,  during  which  period  each  scholar 
was  paid  his  regular  rate  of  wages.  Some  graduates  of  the  school 
deserted  the  company,  but  the  loss  due  to  this  cause  was  not 
considered  a  serious  factor  in  determining  the  commercial  value 
of  the  schools. 

10 .  Firms  and  Corporations  conducting  school  work  for  their 
employees  in  Philadelphia  or  its  vicinity  are  very  few.  The  large 
department  stores  have  such  classes,  but  those  which  are  voca- 
tional are  not  technical.  The  only  firm  doing  anything  directly 
is  Pels  and  Company,  as  noted  in  the  next  paragraph.  The 
New  York  Shipbuilding  Company  (Camden,  N.  J.)  has  an  ap- 
prenticeship system  including  four  years  of  2500  hours  each.    A 
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definite  time  allowance  is  made  for  time  spent  in  the  classes  of  a 
selected  list  of  schools,  based  on  the  actual  attendance  of  each 
man,  governed  by  his  averages  and  the  benefit  he  has  derived 
from  his  studies.  No  arrangement  is  made  for  instruction  in  the 
shipyard  because  of  the  proximity  of  schools  in  Philadelphia  and 
Camden.  William  Cramp  and  Son's  Ship  and  Engine  Building 
Company  in  its  electrical  department  has  an  arrangement 
somewhat  different  from  the  usual  apprenticeship  system,  which 
has  been  in  operation  for  six  years.  Each  apprentice  spends  three 
months'  time  in  a  particular  department  of  work  and  passes 
from  it  to  another  only  after  he  has  been  examined  and  shows  that 
he  knows  what  he  has  been  doing.  No  instruction  of  a  class  room 
kind  is  given.  What  he  learns  he  picks  up  in  connection  with  his 
e very-day  duties. 

A  number  of  boys  and  young  men  are  employed  in  the  soap- 
making  works  of  Pels  and  Company  whose  positions,  in  the  nature 
of  the  case,  lead  nowhere.  Realizing  this,  and  believing  that  such 
young  men  should  have  definite  opportunity  for  advancement  of 
some  kind  offered  them,  the  firm  gives  each  one  the  opportunity 
to  spend  one  week  in  four  in  the  machine  shop,  where  as  definite 
a  course  as  possible  is  laid  out  for  them.  At  the  end  of  three 
years  these  men  are  assisted  to  positions  in  other  firms  where 
they  advance  in  the  machinist  and  kindred  trades.  In  addition, 
free  evening  drawing  classes  are  open  to  the  same  men  during  a 
considerable  part  of  the  year,  the  firm  supplying  the  necessary 
equipment. 

11 .  Education  for  City  Employees,  Those  at  the  head  of  the 
present  city  government  realize  that  in  city  employ,  as  in  any 
private  undertaking,  the  matter  of  the  educational  advancement 
of  the  individual  employee  is  of  prime  importance.  The  Mayor, 
therefore,  a  few  months  ago  secured  the  appointment,  through 
the  Superintendent  of  Public  Schools,  of  an  advisory  committee 
from  the  faculties  of  the  various  high  schools,  who  should  on  re- 
quest direct  men  and  women  engaged  in  the  city's  service  how  to 
improve  themselves,  so  as  to  be  in  line  for  promotion.  This  com- 
mittee met  semi-monthly  from  November  to  April  inclusive, 
during  which  time  180  persons  from  the  Departments  of  Public 
Works  and  Public  Safety,  the  ones  most  interested,  called  for 
counsel.  They  have  been  given  advice  as  to  existing  educational 
opportunities  in  schools,  have  had  courses  of  reading  suggested, 
etc.  Some  thirty-five  of  the  number  wanted  to  secure  engineer- 
ing training  of  collegiate  character. 
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At  the  present  time  in  Philadelphia,  except  for  the  Trades 
Schools  already  mentioned,  there  is  no  vocational  training  avail- 
able in  the  public  school  system  for  those  who  are  employed.  The 
only  agency  prepared  to  deal  In  a  broad  and  disinterested  way 
with  the  subject  of  vocational  education  and  vocational  guidance 
for  both  those  now  employed  and  the  young  people  still  at  school, 
is  the  Public  Education  Association  (composed  of  a  volunteer 
membership  of  a  thousand  citizens).  Through  its  secretary  a 
solution  to  the  many  problems  is  being  sought. 

12.  Electrical  Department  of  ike  Underwriter's  Association,  A 
novel  movement  with  an  educational  motive  was  started  a  few 
months  ago  when  the  chief  of  the  department,  Mr.  Devereux, 
invited  inspectors  of  the  city,  inspectors  and  managers  of  the 
Philadelphia  Electric  Company,  and  electrical  contractors  and 
their  superintendents  to  the  semi-monthly  meetings  of  the  in- 
spectors of  the  Philadelphia  Fire  Underwriters*  Association. 
Starting  with  thirty,  the  number  attending  has  increased  to  one 
htmdred  and  fifty.  The  character  of  the  meeting  has  become  one 
of  free  discussion  and  question  asking — very  much  more  educa- 
tional than  most  such  gatherings.  The  topics  discussed  are  the 
National  Electrical  Code,  city  regulations,  and  any  puzzling 
subject  which  may  be  brought  up  through  a  question  box  which 
is  opened  at  each  meeting. 

13.  The  School  of  Industrial  Arts,  Trenton,  N.  J.,  is  the  only 
school  within  a  range  of  many  miles  from  Philadelphia  providing 
vocational  education  for  those  who  are  employed.  It  was  estab- 
lished 1898  in  pursuance  of  "An  Act  Providing  for  the  Estab- 
lishment and  Support  of  Schools  for  Industrial  Education  **  ap- 
proved by  the  Senate  and  General  Assembly  of  the  State  of  New 
Jersey,  March  24,  1881.  The  act  provides  for  "  the  establish- 
ment and  support  of  schools  for  the  training  and  education  of 
pupils  in  industrial  pursuits  (including  agricultural)  so  as  to 
enable  them  to  perfect  themselves  in  the  several  branches  of 
industry  which  require  technical  instruction." 

The  school  is  supported  by  the  state  of  New  Jersey  and  the 
city  of  Trenton.  Courses  in  machine,  building,  electrical  and 
pottery  trades  are  offered.  The  school  has  had  a  fine  building 
erected  for  and  presented  to  it  in  1910,  an  equipment  which  is 
adequate  to  the  work  undertaken,  and  a  director  endeavoring 
to  make  the  school  fit  the  industrial  conditions.  Trenton  has 
large  pottery  industries,  rubber  works,  wire  mills,  and  a  railway 
repair  shop.    There  are  over  600  students  in  the  evening  classes.  , 
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Copyright.  1913.  By  A.  I.  B.  E. 


THE       PENNSYLVANIA       RAILROAD      COMPANY 
APPRENTICE  SCHOOLS 


BY  JOHN  PRICE  JACKSON  AND  J.  W.  L,  HALE 


In  dealing  with  the  subject  of  the  Pennsylvania  Railroad 
Apprentice  Schools,  certain  explanations  are  necessary,  inasmuch 
as  this  system  of  schools  has  been  developed  on  a  plan  somewhat 
different  from  those  maintained  by  most  other  large  industrial 
or  transportation  corporations. 

The  cardinal  purpose  of  the  corporation  named — ^in  harmony 
with  that  of  others — ^is  to  prepare  young  men  for  efficient  service 
in  the  mechanic  arts  related  to  its  particular  business.  In  this 
case  many  of  the  young  men  will  later  become  locomotive  fire- 
men and  engineers,  skilled  mechanics  in  engine  and  car  shops, 
operators  in  power  plants,  draftsmen,  etc.  It  was,  therefore, 
very  carefully  determined  at  the  outset  that  the  apprentice 
school  work  should  be  so  given  as  to  develop  in  the  young  men 
a  proper  ambition  to  become  skilled  in  work  of  this  character  and 
at  the  same  time  to  avoid  developing  in  them  the  discontent  and 
unhappiness  which  comes  to  those  whose  aspirations  are  beyond 
their  capability  or  circumstances — as  would  be  the  case  if  they 
were  led  by  their  instructors  to  believe  that  they  should  attain 
positions  in  which  manual  skill  and  labor  is  not  required.  In- 
cidentally, however,  it  was  carefully  specified  that  such  records 
should  be  kept  as  would  enable  the  company  to  lay  hold  of  the 
small  percentage  of  the  total  number  of  apprentices  who,  by 
reason  of  exceptional  brain  power  and  ability,  should  be  ad-  • 
vanced  beyond  the  ranks  of  skilled  workmen  to  the  ranks  of  those 
who  direct  the  labor  of  others. 

Though  the  purposes  and  aims  stated  in  the  last  paragraph  are 
carefully  observed,  nevertheless  the  directors  of  these  schools 
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frankly  admit  that  they  are  more  largely  schools  of  the  mind 
than  is  usually  admitted  in  the  case  of  similar  institutions.  How- 
ever, the  work  of  the  schools  is  carefully  related  to  the  work  in 
the  shops,  and  there  is  very  close  affiliation  between  superintendents 
and  foremen  in  the  shops  and  the  instructors  in  the  schools.  Fore- 
men are  the  shop  instructors  of  the  young  men.  The  reason  for 
this  unusual  arrangement  is  the  belief  of  those  in  charge  that  a 
foreman  who  has  the  intelligence  and  capability  to  do  his  work 
well,  and  who  has  a  sufficiently  bfoadminded  interest  in  the 
progress  of  his  organization,  will  likewise  have  the  ability  and 
desire  to  instruct  the  apprentices  efficiently.  It  isindeedbelieved, 
and  experience  has  shown  the  truthfulness  of  the  belief,  that 
good  foremen  are  unusually  efficient  in  following  up  and  teach- 
ing these  young  men.  By  having  the  whole  responsibility  on  his 
own  shoulders,  so  far  as  the  shop  instruction  goes,  the  shop  fore- 
man must,  of  necessity,  take  a  personal  interest  in  the  advance- 
ment gf  the  apprentice.  Failiu-e  on  the  part  of  the  latter  is 
directly  debited  to  the  former  by  the  general  officials.  The  fact 
that  a  single  man  in  a  department  has  this  responsibility  and  that 
it  is,  therefore,  not  divided  between  foreman  and  shop  instructor, 
with  the  consequent  unsatisfactory  results  of  divided  authority, 
is  an  argument  well  worth  consideration. 

The  apprentices  are  moved  from  department  to  department  of 
the  shops  very  much  as  in  other  establishments,  and  have  care- 
fully arranged  shop  apprenticeship  courses.  A  complete  system 
of  records  prevents  young  men  from  being  held  up  unduly  on  any 
particular  branch  of  the  work,  and  keeps  the  company  officials 
and  school  instructors  fully  informed  concerning  the  comport- 
ment of  the  young  men  while  in  the  shops.  In  the  following 
pages  the  schools  proper  are  described.  It  must  not,  for  that 
reason,  be  thought  that  there  is  any  neglect  of  the  training  of 
the  apprentices  while  in  the  shops.  This  featiu-e  has  been  worked 
out  in  great  detail. 

The  Pennsylvania  Railroad  Schools  now  consist  of  the  parent 
institution  established  in  Altoona,  Pa.,  where  the  number  of 
apprentices  attending  is  in  the  neighborhood  of  260,  and  the 
more  recently  established  branches  located  in  Philadelphia,  Pa., 
Wilmington,  Del.,  and  Harrisbiu-g,  Pa.,  in  which  the  enrolment 
ranges  approximately  from  twenty  to  thirty-five  and  forty.  The 
exact  number  of  students  enrolled  is  not  here  given,  since  it 
varies  somewhat  from  month  to  month.  In  establishing  the 
schools,  the  railroad  company  officials  were  anxious  to  make  use 
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of  well-established  pedagogical  methods  and  at  the  same  time 
maintain  a  very  practical*  course  of  applied  education.  The 
company,  therefore,  called  upon  the  School  of  Engineering  of 
the  Pennsylvania  State  College  to  formulate  the  pedagogical 
methods  to  be  pursued  and  to  take  general  supervision  of  the 
schools.  As  a  result,  the  system  has  been  worked  out  and  is 
carried  on  as  a  co-operative  movement  between  the  college  named 
and  the  railroad  officials.  An  instructor  in  charge  of  the  entire 
work  is  located  in  Altoona;  he  is  assisted  by  four  other  instructors 
and  sufficient  clerical  service.  One  instructor  only,  at  the  present 
time,  is  required  to  carry  on  the  schools  in  Philadelphia,  Wilming- 
ton, and  Harrisbiu-g,  the  remainder  of  the  force  being  located  in 
Altoona. 

In  the  following  brief  outline  of  the  work  done  by  the  schools 
and  the  methods  adopted,  ordinary  names  of  subjects  as  used 
in  schools  and  colleges  are  given.  This  is  done  because,  though 
these  subjects  are  all  prepared  for  a  special  purpose  and  are  cor- 
related closely  with  the  work  the  young  men  are  doing  in  the 
shops,  they  may,  nevertheless,  with  entire  propriety,  be  given 
their  proper  names.  In  some  cases  special  terms,  such  as  "  shop 
mathematics,"  etc.,  are  used  in  describing  the  work  of  schools 
of  this  class.  As  a  matter  of  fact,  the  nomenclature  in  use  in  our 
ordinary  schools  is  entirely  sufficient  for  the  purpose  of  denomi- 
nating these  subjects,  if  it  be  kept  in  mind  that  they  are  different 
only  in  regard  to  the  illustrations,  arrangement,  etc.,  of  the 
old,  well-established  principles. 

Monthly,  semi-annual,  and  annual  reports  of  the  work  of  the 
schools  and  of  the  individual  apprentices  are  made  out  by  the 
head  instructor  and  include  attendance,  grades  for  each  subject 
studied,  average  grades,  and  comments  upon  characteristics 
and  capacity.  These  reports  are  voluminous  and  are  of  such 
a  character  as  to  form  a  fairly  complete  record  of  the  aptitude 
and  ability  of  each  man.  The  records  thus  obtained,  when  taken 
into  consideration  with  the  parallel  system  of  reports  from  the 
shop  foremen,  form  a  most  valuable  body  of  data  from  which 
selections  for  the  various  services  of  the  corporation  may  be 
made,  and  also  give  the  instructors  an  accurate  basis  upon  which 
to  sift  out  undesirable  material  and  make  proper  promotions  in 
the  schools.  It  may  be  interesting  to  observe  here  that  a  small 
percentage  of  the  young  men  show  extraordinary  ability,  and 
that  the  company  officials  have  been  materially  aided  by  the 
schools  in  drawing  into  their  official  ranks  the  very  cream  of  the 
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entire  body  of  apprentices.  Without  these  detailed  and  well- 
established  records,  many  of  these  men  would  never  have  reached 
the  positions  of  maximtam  value  to  the  company,  with  a  resultant 
great  loss,  not  only  to  the  men  themselves,  but  to  the  corporation. 
One  of  the  members  of  the  company  has  made  the  statement 
that  this  possibility,  made  available  through  the  schools,  of  pick- 
ing put  acctirately  the  unusual  material  from  the  mass,  is  in  itself 
of  sufficient  value  to  warrant  the  entire  expense  involved  in  main- 
taining the  schools. 

The  work  as  outlined  covers  three  years  of  forty-two  weeks 
each.  The  apprenticeship  course  itself  is  of  four  years'  duration. 
During  the  last  year  the  apprentice  does  not  attend  the  school 
unless  detailed  thereto,  but  is  assigned  special  work  by  the  com- 
pany to  give  him  particularized  training  for  the  duty  which  he  is 
later  to  perform  as  a  skilled  workman.  Each  apprentice  receives 
four  hours  of  instruction  per  week  in  periods  of  two  hours  each. 
These  two-hour  periods  are  separated  by  as  many  days  as  the 
schedule  will  permit,  in  order  that  the  lessons  assigned  may 
more  readily  be  given  as  much  evening  consideration  and  study 
as  is  possible  and  desirable.  The  recitation  work  calls  for  about 
an  hour  of  daily  study,  which  must  be  done  during  the  evening 
by  the  apprentice. 

In  dividing  the  body  of  the  apprentices  into  sections,  an  en- 
deavor has  been  made  to  give  an  individual  instructor  from  fifteen 
to  twenty  men  in  a  class.  Much  flexibility  with  regard  to  the 
classes  is  maintained;  thus,  if  it  is  found  that  a  section  can  be 
made  up  which  will  travel  much  more  rapidly  than  the  average, 
such  a  step  is  taken,  or  vice  versa,  if  a  group  of  the  less  bright  men 
can  with  advantage  be  segregated  and  given  the  work  in  more 
detail,  that  arrangement  is  made.  It  will  be  appreciated  that 
this  kind  of  instruction  requires  more  labor  on  the  part  of  instruc- 
tors than  if  an  entire  class  covers  exactly  the  same  work,  but  by 
using  these  methods  it  is  possible  more  nearly  to  give  each  in- 
dividual the  training  which  is  best  for  him,  and  thus  more  effective- 
ly to  prepare  him  for  the  service  of  the  company.  The  necessity 
of  careful  class  selections  is  marked  in  the  case  of  these  schools, 
as  the  apprentices  are  drawn  from  all  classes  and  enter  with 
schooling  which  ranges  from  the  common  school  grades  to  those 
of  a  college.  Using  the  ordinary  names,  adopted  among  teachers, 
the  curriculum  in  the  school  might  be  said  to  include  a  rudimental 
study  of  English,  mathematics,  physics,  mechanics,  mechanism, 
strength  of  materials,  chemistry,  mechanical  drawing,  machine 
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design,  steam  practise,  and  shop  management.  This  sounds  like 
a  formidable  list  of  studies  extracted  from  some  catalogue  of  a 
technical  college,  but  as  a  matter  of  fact  it  represents,  in  reality, 
a  very  elementary  but  thorough  system  of  study  dealing  with 
simple  phenomena  of  natiue,  methods  of  computation,  and  the 
English  language,  closely  allied  and  correlated  with  the  daily 
labor  of  the  apprentice  pursuing  the  studies.  Indeed,  the  school 
authorities  want  it  clearly  understood  that  this  school  is  of  a  most 
practical  type  for  improving  the  quality  of  skilled  mechanics, 
and  not  for  making  half-prepared  engineers.  Moreover,  they 
wish  it  to  be  known  that  the  life  of  the  school  has  been  sufficient 
to  determine  the  fact  that  it  is  accomplishing  this  function  well. 

The  work  in  English  covers  spelling,  the  meaning  of  words, 
parts  of  speech,  formation  and  construction  of  sentences,  and 
composition  writing,  including  accurate  methods  of  writing 
business  letters,  making  out  order  blanks,  time  reports,  etc.  The 
young  man  when  he  is  through  with  this  course  not  only  has 
gained  some  practical  ability  to  use  understandable  English,  but 
also  to  comprehend  better  such  reports  and  instructions  as  may 
be  given  to  him  either  by  word  of  mouth  or  in  writing. 

The  work  in  mathematics  begins  with  very  simple  shop  prob- 
lems in  arithmetic,  including  the  elementary  processes  of  addi- 
tion, subtraction,  multiplication  and  division,  fractions,  decimals, 
etc.  Gradually  this  work  is  advanced  to  bring  in  applications 
involving  some  of  the  most  useful  elementary  principles  of  algebra, 
geometry,  and  trigonometry. 

The  course  in  physics  includes  both  class  work  and  laboratory 
work  in  elementary  principles  of  heat,  electricity,  and  mechanics, 
and  a  short  study  of  light  and  sound.  Practical  illustrations  very 
closely  allied  to  the  shop  work  are  used  exclusively,  and  the  course 
is  given  specifically  for  the  purpose  of  enabling  the  apprentice 
to  have  a  keener  conception  of  the  processes  that  take  place  under 
his  hands  while  at  work.  Numerous  problems  of  this  character 
relating  to  the  field  of  mechanics  will  immediately  arise  in  the 
minds  of  those  reading  this  who  are  connected  with  the  industries. 

The  mechanism  parallels  the  work  in  mechanics  and  is  an 
applied  study  dealing  with  motion,  velocity  and  acceleration, 
power  work,  etc.,  as  shown  by  study  of  shop  machines. 

The  study  of  strength  of  materials  deals  with  the  manufacture 
and  properties  of  materials  used  in  machine  construction.  Along 
with  this  are  carried  out  tests  upon  various  materials  in  order  to 
give  the  apprentice  a  vivid  conception  of  the  strength  and  other 
characteristics  of  materials  with  which  he  deals  in  his  work 
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The  chemistry  taught  includes  some  of  the  more  fundamental 
facts  which  every  man  connected  with  industry  should  know 
about  the  chemical  reactions  and  constitutions  of  materials. 
Special  stress  is  laid  upon  the  characteristics  of  water  and  fuels 
and  the  combustion  of  the  latter.  Inasmuch  as  a  large  ntunber  of 
the  apprentices  become  locomotive  men,  the  importance  of  com- 
bustion as  a  study  directly  pointing  to  the  proper  use  of  the  boiler 
firebox  is  evident. 

The  course  in  steam  practise  deals  with  such  problems  as 
should  be  understood  by  locomotive  engineers  or  firemen.  In 
this,  as  in  those  subjects  heretofore  named,  the  work  is  very 
practical,  but  it  is  to  be  clearly  understood  that  much  care  is  at  all 
times  exercised  to  emphasize  the  underlying  physical  principles 
upon  which  practise  is  based  and  to  bring  the  apprentice  as  far 
as  possible  into  touch  with  the  phenomena  involved,  through  the 
meditmi  of  his  senses. 

In  mechanical  drawing,  the  student  becomes  familiar  with  the 
standard  methods  of  drawing,  dimensioning,  and  lettering. 
Models  built  in  the  shops  are  used  for  sketches  from  which 
mechanical  drawings  are  made.  These  courses  are  sufficiently 
extended  not  only  to  give  some  skill  to  the  apprentice  in  present- 
ing his  ideas  accurately  on  paper,  but  also  to  enable  him 
to  read  shop  drawings  accurately  and  readily. 

The  machine  design  course  is  a  continuation  of  the  work  in 
mechanical  drawing  and  presents  enough  of  the  elementary 
principles  of  design,  including  the  study  of  strength  and  stresses, 
to  enable  the  apprentice  to  have  a  rough  conception  of  the  prin- 
ciples underlying  the  methods  of  determining  the  conformation 
of  machine  parts.  The  work  is  not  intended  to  produce  designers, 
but  to  develop  common  sense  with  regard  to  the  strength  of 
machine  or  structure  parts. 

The  work  in  shop  management  includes  lectures  upon  shop 
arrangement,  departmental  and  stock  room  reports,  cost  and 
time  keeping,  and  econo^lical  methods  of  handling  work.  The 
course  is  intended  to  enable  the  apprentice  to  fall  into  his  duties 
and  his  organization  with  intelligence  and  efficiency.  Indeed, 
it  is  believed  that  this  course  of  lectures  is  a  necessary  one  for  the 
young  man  whom  it  is  expected  to  develop  into  maximum  service 
to  his  corporation. 

The  texts  for  these  courses  of  study  have  been  largely  pre- 
pared by  the  instructors  in  the  apprentice  schools  and  by  the 
Pennsylvania  State  College.    Before  beginning  the  preparation 
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of  the  texts,  a  careful  study  was  made  of  similar  work  prepared 
for  other  corporation  schools  and  such  published  texts  as  were 
available.  However,  the  texts  themselves  were  written  with 
direct  reference  to  the  kind  of  training  it  was  desired  to  give  in 
these  particular  schools.  In  obtaining  the  instructors  for  the 
schools,  it  was  thought  best  to  use  college  graduates  who  had 
had  experience  in  the  industries.  Though  it  is  diflBctdt  to  find 
good  men  of  such  training  for  the  salaries  that  are  usually  avail- 
able for  work  of  this  nature,  these  schools  have  been  quite  succes- 
fid,  and  the  instructing  corps  has  proved  itself  to  be  efficient, 
both  from  the  standpoint  of  the  shop  manager  and  the  standpoint 
of  the  pedagogue. 

Experience  with  these  schools  has  clearly  shown  that  the  use  of 
the  proper  principles  of  pedagogy  in  work  of  this  kind  is  as  im- 
portant as  in  any  other  kind  of  school  work.  Indeed,  this 
statement  might  be  made  stronger  and  revised  by  the  state- 
ment that  proper  pedagogy  is  more  important  in  this  kind  of 
school  work  than  in  most  other  branches  of  education.  As  a 
result,  the  employment  of  instructors  who  are  not  thoroughly 
capable  from  a  pedagogical  standpoint,  however  expert  they 
may  be  in  their  own  partictdar  vocations,  is  a  serious  error  and  is 
bound  to  result  in  comparatively  unsatisfactory  results. 
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Discussion  on   "Industrial  Education"    (Report  by  Ed- 
ucational Committee),  Cooperstown,  New  York,  June 
•       24,  1913. 

Charles  L.  Clarke:  The  papers  upon  education  which 
have  been  read  this  evening  relate  to  industrial  education 
directed  toward  the  improvement  in  efficiency  of  the  workmen 
in  the  various  industries  and  the  minor  technical  men  connected 
therewith,  all  generally  definable  as  laboring  men,  nevertheless 
of  widely  varying  degrees  of  intelligence  and  skill.  Hence,  it 
is,  specifically,  vocational  education. 

The  purpose  is  to  make  such  men  as  a  whole  intelligently 
skilful  in  their  calling,  and  therefore,  more  useftd  to  their  employ- 
ers. Incidentally,  it  will  result  in  a  few  men,  with  greater  nat- 
ural talents  and  force  of  character  than  their  fellows,  advancing 
from  the  ranks  to  assume  executive  positions  of  greater  or  less 
importance.  Furthermore,  it  will  undoubtedly  vastly  improve 
the  relations  between  labor  and  capital,  to  their  great  mutual 
advantage. 

It  is  not  the  speaker's  purpose  to  traverse  the  matters  relating 
to  vocational  education  that  have  been  presented  in  these  papers 
except  in  one  partictdar.  The  details  can,  obviously,  best  be 
handled  by  professional  educators,  who  make  a  specialty  of  these 
lines  of  training. 

Now,  to  the  point  that  the  speaker  has  particularly  in  mind — 
it  is  the  teaching  of  good  English  composition,  which  has  been 
referred  to  briefly  in  the  papers  by  Mr.  Rowland  and  by  Prof. 
Jackson  and  Mr.  Hale.  Along  with  the  study  of  matters  voca- 
tional and  cognate  subjects,  the  study  of  English  should  dili- 
gently be  pursued  throughout  the  entire  course,  not  merely  in  a 
formal  way,  as  determined  by  the  educators,  but  through  notes 
and  examination  papers  handed  in  at  frequent  intervals,  which 
should  be  corrected  by  the  English  teacher  and  instructively 
commented  upon  before  the  class.  Proper  improvement  and 
perfection  in  composition  should  be  insisted  upon,  on  a  par  with 
proper  advancement  in  other  studies. 

Digressing  for  a  moment  from  strictly  vocational  education, 
the  study  of  English  should  be  insisted  upon  in  the  student  courses 
for  graduates  of  technical  colleges,  which  are  now  pursued  in 
the  works  of  some  of  the  large  manufacturing  corporations. 
Deficiency  in  ability  to  write  good  English  (which  includes,  of 
course,  correct  spelling)  is  nowhere  more  apparent  than  among 
yoimg  men  just  out  of  college,  and  this  defect  does  not  wear  away 
any  too  rapidly  with  the  progress  of  the  years. 

It  is  a  serious  handicap  to  them,  and  especially  to  skilled  but 
uneducated  artisans,  who  are  liable  keenly  to  feel  this  defect 
which  the  speaker  has  often  observed,  like  a  weight  bearing  them 
down  and  making  it  appear  to  them  useless  to  try  to  rise  above  the 
lower  level  in  which  circumstances  have  placed  them. 

Drill  the  artisan  in  good  English,  make  him  conscious  that  he 
can  talk  and  write  with  respectable  correctness.     It  will  conduce 
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to  clearness  and  conciseness  of  expression,  which  are  most  im- 
portant adjuncts;  will  help  discipline  his  mind  and  make  him  a 
clearer  thinker,  besides  increasing  his  self-respect,  all  of  which 
will  make  him  more  valuable  to  his  employer  and  also  to  himself. 

A  professor  of  rhetoric  in  Harvard  University  has  stated  in 
his  text-book  on  the  subject  that  although  there  may  be  good 
English  there  is  no  such  thing  as  perfect  English.  Therefore,  an 
effort  to  reach  the  unobtainable  may  not  be  made;  perfect  Eng- 
lish is  practically  out  of  the  question;  the  English  of  the  scholar 
is  unnecessary;  nevertheless,  ability  to  speak  and  write  passably 
good  English  should  play  a  serious,  substantial  part  in  vocational 
education. 

Henry  G.  Stott:  It  seems  to  me  the  keynote  of  the  whole 
situation  in  regard  to  industrial  education  occurs  just  in  a  single 
sentence  in  the  paper  by  Prof.  Jackson  and  Mr.  Hale,  with  which 
I  heartily  agree.  It  is  as  follows:  "It  was,  therefore,  very  care- 
fully determined  at  the  outset  that  the  apprentice  school  work 
should  be  so  given  as  to  develop  in  the  young  men  a  proper  am- 
bition to  become  skilled  in  work  of  this  character  and  at  the  same 
time  to  avoid  developing  in  them  the  discontent  and  unhappiness 
which  comes  to  those  whose  aspirations  are  beyond  their  capa- 
bility or  circumstances — as  would  be  the  case  if  they  were  led  by 
their  instructors  to  believe  that  they  should  attain  positions  in 
which  manual  skill  and  labor  is  not  required." 

It  seems  to  me  that  is  the  keynote  of  the  whole  situation  and 
it  points  to  a  grave  danger  in  this  so-called  trade  school  and  in- 
dustrial education  by  corporations.  The  company  with  which 
I  am  connected  has  done  a  good  deal  of  this  work,  but  we  do  it 
mostly  with  a  view  of  finding  out  what  the  men  know,  so  as  to 
be  able  intelligently  to  select  men  for  promotion.  We  fear  there 
is  a  verj*^  great  danger,  as  noted  here,  of  storing  up  in  men  false 
ambitions  and  false  ideals  such  as  that  it  is  not  quite  as  honorable 
or  as  reputable  for  a  man  to  work  with  his  hands  and  have  a  suit 
of  overalls  on,  as  it  is  to  have  a  clean  job  as  a  clerk  at  $50  or  $60  a 
month,  and  there  is  a  tendency,  especially  with  the  yoxmg  for- 
eigners, to  set  up  these  false  ideals  as  to  the  value  of  education. 

I  do  not  wish  to  tmderrate  the  value  of  education,  because  no 
one  can  get  too  much  of  it,  but  a  great  many  of  our  high  schools 
seem  to  teach  wrong  ideals  in  many  cases,  and  I  believe  the  whole 
secret  of  success  is  in  finding  out  which  of  the  men  are  ready  for 
promotion,  and  which  of  the  men  really  deserve  to  be  promoted, 
and  not  in  the  attempt  to  give  them  a  smattering  of  instruction 
in  a  few  subjects.  We  know,  when  it  comes  to  engineering  work, 
that  we  must  have  men  who  are  thoroughly  trained  in  the  fund- 
amentals of  physics,  and  we  select  our  engineering  group  from 
college  men,  as  in  the  company  I  am  connected  with,  but  before 
promoting  our  men  to  the  minor  positions  of  responsibility  we 
use  the  training  schools  to  find  out  which  of  the  men  are  thinking 
seriously.  Perhaps  once  a  year  we  find  a  man  who  should  be 
encouraged  to  try  to  work  his  way  through  college,  and  we  help 
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him  all  we  can.  Three  or  four  men  in  the  last  three  or  four  years 
have  made  very  creditable  records,  but  that  is  a  very  small  per- 
centage, probably  less  than  J^  of  one  per  cent  of  the  employees, 
so  that  I  think  the  point  of  view  annoimced  here  in  the  paper  by 
Prof.  Jackson  and  Mr.  Hale  is  really  the  keynote  of  the  whole  sit- 
uation— ^that  we  must  be  careful  not  to  store  up  false  ambitions 
in  a  man  who  is  incapable  of  being  promoted,  because  he  has  not 
the  ability  or  the  necessary  education,  and  it  is  distressing  to  see 
him  become  discontented  and  unwilling  to  work  at  honorable 
trades  at  which  he  could  earn  three  or  four  times  as  much  as  a 
clerk  makes.  The  result  of  this  dissatisfaction  is  that  he  goes 
out  into  clerical  employment,  and  he  finds  that  he  is  in  the  midst 
of  a  host  of  competitors  for  what  he  calls  a  clean,  respectable  job. 

M.  T.  Crawford:  In  my  connection  with  the  public  util- 
ity company  in  one  of  the  Western  cities,  I  have  fotmd  that  there 
are  many  yoxmg  men  at  work  during  the  day  in  the  city,  who 
would  like  to  study  further.  I  would  like  to  bring  out  in  a  little 
further  detail  the  work  which  is  accomplished  by  the  univer- 
sities in  some  of  these  far  Western  cities. 

The  University  of  Washington,  in  Seattle,  for  instance,  gives 
a  course  in  electrical  engineering  covering  four  years  leading  to 
the  degree  of  B.S.E.E.  and  with  the  fifth  year  giving  a  degree  of 
M.S.E.E.,  and  after  three  years  in  a  responsible  position  the 
degree  of  E.E.  is  given.  In  addition  to  this  regular  college 
work,  night  classes  are  held  for  advanced  study  and  research 
work  by  technical  graduates  who  are  engaged  in  practical  work 
during  the  day  in  the  city.  Separate  night  classes  are  also  to 
be  given  this  coming  year  of  a  more  elementary  nattire  for  men 
who  have  not  completed  the  University  courses,  but  who  have 
met  the  requirements  of  the  University,  who  have  to  work 
during  the  day.  The  latter  are  standard  courses  and  University 
credit  is  given  for  the  work.  A  considerable  amoimt  of  special 
work  has  also  been  done  by  the  regular  students  from  time  to 
time  for  the  larger  companies,  such  as  oscillograph  tests  and 
special  research  work,  which  gives  them  a  direct  practical  contact 
with  operating  conditions. 

J.  W.  L.  Hale:  The  apprentices  serve  four  years  and  are 
moved  from  one  department  to  another  as  stated  in  the  paper. 
This  is  done  so  that  they  may  have  a  varied  experience.  We  feel 
that  we  lose  nothing  by  giving  them  a  broader  idea  of  the  work  in 
the  several  departments  of  the  shop  as  well  as  that  in  which  they 
are  more  directly  interested.  Many  of  these  apprentices  will 
ultimately  be  called  upon  to  fiU  positions  of  minor  responsi- 
bility in  shop  management,  and  therefore  this  knowledge  of  other 
departments  is  necessary. 

I  might  say  along  the  line  of  the  questions  which  have  been 
raised  that  apprentices,  when  they  go  into  the  school,  have  open 
to  them  all  of  its  privileges  and  they  are  boimd  to  make  im- 
provements along  general  lines.  However,  the  matter  of  ed- 
ucation of  apprentices,  as  it  appeals  to  us  largely,  is  in  regard 
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to  developing  their  powers  to  comprehend  instructions  which  are 
given  them  and  to  make  reports  properly,  etc.,  etc.  You  ap- 
preciate the  necessity  of  this  in  the  operation  of  a  railroad.  It 
is  necessary  that  they  have  such  a  knowledge  as  will  enable  them 
to  imderstand  instructions  and  make  reports  intelligibly. 

Regarding  the  aspirations  of  apprentices  for  something  higher 
than  that  for  which  they  are  suited,  I  have  spoken  of  our  schools 
as  selective  media.  The  boys  who  come  to  us  are  of  all  grades  of 
ability,  and  it  is  for  us  to  line  them  up  and  put  them  into  that  part 
of  the  organization  in  which  they  properly  belong. 

So  far  as  our  experience  extends  the  boy  has  not  become  dis- 
satisfied with  his  condition  through  the  fact  of  further  instruction. 
We  think  a  great  deal  depends  on  the  instructors  as  to  the  ideals 
which  they  put  before  the  boys.  If  they  teach  them  the  honor 
of  labor,  and  instill  in  their  minds  that,  by  attention  to  their 
duties,  promotion  is  open  to  them,  and  that  some  of  the  railroad 
mechanics  earn  more  than  professional  men,  it  seems  to  me  that 
this  difficulty  can  be  overcome  to  a  large  extent. 

The  Pennsylvania  Railroad  is  only  one  which  has  taken  up  the 
matter  of  an  apprentice  school  instruction  system.  There  ajfe  at 
least  eight,  and  possibly  more,  representative  roads  that  are  en- 
gaged in  the  same  work.  These  extend  from  the  Atlantic  to  the 
Pacific,  and  the  work  is  progressing  very  rapidly.  This  is  one  of 
the  principle  features  of  work  which  is  being  taken  up  in  the  new 
organization,  the  National  Association  of  Corporation  Schools. 
The  matter  of  corporation  industrial  education  is  not  new  but  is 
well  afield. 

J.  Lloyd  Wayne,  3d :  I  believe  in  all  matters  of  this  kind 
the  difference  between  success  and  failure  may  lie  in  the  local 
traditions  of  the  community  in  which  you  are  situated.  For  in- 
stance, in  the  East,  where  both  a  man  and  his  family  will  undergo 
considerable  personal  hardship  to  give  him  an  education,  you  can 
go  a  great  deal  further  in  this  matter  of  education  than  you  can  in 
a  community  where  practically  none  of  the  families  will  tmdergo 
any  hardship  to  have  their  yoimg  people  go  beyond  the  education 
which  is  required  by  law.  If  you  try  to  introduce  industrial  ed- 
ucation or  similar  activities  amongst  people  of  that  kind,  you  are 
apt  to  run  up  against  this  condition  which  I  have  seen, — many  of 
the  men  will  feel  that  to  join  these  classes  gives  them  a  pull  to  get 
ahead.  Some  of  them  do  not,  of  course,  but  I  have  known  of  a 
school  where  it  was  discovered  a  large  majority  of  the  pupils  at- 
tended with  that  motive  in  view,  having  no  motive  for  attend- 
ance except  the  standing  which  they  felt  attendance  at  the  school 
gave  them  with  the  boss.  They  really  did  not  get  much  out  of  it 
and  the  school  was  abandoned. 

This  state  of  mind  on  the  part  of  the  pupils  was  found  to  be  not 
exceptional,  but  quite  general.  One  whose  experiences  have  been 
gained  in  the  East  exdusively  is  likely  to  overlook  the  fact  that 
in  a  relatively  young  cotmtry  there  is  not  much  ambition  to  se- 
cure an  education,  and  more  people  are  satisfied  to  work  along  a 
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certain  number  of  prescribed  hours,  and  have  their  endeavors  end 
with  that,  rather  than  to  take  up  any  additional  work  in  the  form 
of  study. 

A.  M.  Buck:  Although  we  have  been  talking  this  evening 
almost  entirely  about  instruction,  I  think  we  have  forgotten 
the  instructor.  In  any  scheme  of  industrial  education  he  is  one 
of  the  most  important  factors,  and  a  careful  choice  should  be 
made  to  secure  the  proper  man  for  the  work.  In  the  college  or 
imiversity  the  instructor  is  often  chosen  because  he  was  a  good 
student,  and  perhaps  has  done  excellent  work  after  graduation. 
This,  of  course,  gives  no  indication  that  he  has  the  proper  person- 
ality, or  that  he  is  especially  fitted  to  instruct  others.  In  some 
cases  he  may  succeed,  especially  if  his  work  be  along  the  lines  of 
research,  where  he  does  not  come  into  intimate  contact  with 
students.  When,  however,  we  consider  the  choice  of  teachers  in 
industrial  or  trade  schools,  I  think  the  personality  of  the  instructor 
is  of  vital  importance,  and  believe  that  it  is  absolutely  essential  to 
choose  men  for  this  work  who  are  in  close  touch  with  the  situation. 
Furthermore,  they  should  be  able  to  inspire  the  men  in  their 
charge.  I  have  had  but  little  experience  with  vocational  train- 
ing; but  I  do  know  a  number  of  college  professors  who  have  given 
inspiration  to  their  students  and  brought  out  a  great  deal  more 
work  from  them  than  is  ordinarily  obtainable. 

Another  point  which  comes  up  in  this  connection  is  the  training 
of  the  instructor.  In  many  cases  he  is  simply  turned  loose  on 
his  work  without  having  had  any  special  training,  and  often  with- 
out definite  instructions  of  any  kind.  The  necessary  training  is 
not  given  in  many  of  our  technical  schools,  but  I  believe  it  should 
be.  At  least  the  instructor  should  be  told  exactly  how  to  go 
about  his  work  to  produce  the  best  results.  I  think  many  in- 
structors who  might  be  very  successful  fail  because  of  their  in- 
ability to  appreciate  the  situation.  Had  they  been  properly 
directed  at  the  beginning,  and  imderstood  thoroughly  the  projper 
attitude  toward  the  students,  as  well  as  how  to  impart  their 
knowledge,  much  good  might  have  resulted  both  to  themselves 
and  to  their  students. 

F.  C.  Caldwell:  Much  has  been  said  this  evening  about 
the  value  of  vocational  training  as  given  by  industrial  concerns, 
as  a  help  in  the  selection  of  men  to  do  the  work  for  which  they  are 
best  fitted.  The  two  aspects  which  this  work  seems  to  take  on 
are  these:  fiirst,  the  work  of  the  industrial  concerns  in  train- 
ing their  own  men,  and  second,  the  work  of  the  universities 
and  other  institutions  in  training  those  who  either  are  not  yet  con- 
nected with  any  manufacturing  concern,  or  in  training  those  who 
are  so  connected  during  their  spare  time.  There  is  one  point,  that 
I  was  glad  to  hear  Mr.  Stott  speak  of  and  which  needs  to  be  em- 
phasis;  that  is  the  importance  of  being  on  the  look-out  for  the 
unusual  case,  for  the  34  of  one  per  cent,  that  is  for  the  man  who 
ought  not  to  remain  a  mechanic,  but  who  ought  to  be  encouraged 
to  go  ahead  and  secure  a  college  training,  so  as  to  become  an  en- 
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gineer  and  a  leader.  We  need  all  of  this  type  of  men  that  we  can 
possibly  secure.  The  supply  now  is  not  equal  to  the  demand. 
It  may  not  be  generally  known  that  the  supply  of  college-trained 
engineers  is  decreasing,  while  the  demand  is  increasing;  that 
throughout  the  country  the  engineering  colleges  have  not  been  in- 
creasing in  the  number  of  their  students  during  the  past  four  years 
and  in  many  cases  they  have  actually  decreased.  This  is  largely 
due  to  the  growth  of  the  agricultural  colleges  and  general  develop- 
ment of  the  agricultural  movement.  We  therefore  need  in  our 
engineering  coUeges,  all  of  the  men  that  we  can  possibly  get,  that 
are  of  the  right  kind  out  of  which  to  make  engineers.  This  is  one 
of  the  things  which  vocational  training  in  industrial  concemsshould 
accomplish,  the  picking  out  of  the  exceptional  man,  who  is  just 
the  man  to  send  through  college,  to  receive  a  cotu'se  in  engineer- 
ing, and  to  be  turned  out  as  a  competent  engineer. 

The  other  point  is  the  work  being  done  in  the  line  of  vocational 
guidance  outside  of  the  industrial  concerns.  There  are,  as  you 
may  know,  societies  in  many  of  the  larger  centres  whose  object  is 
to  study  the  subject  of  the  vocations  in  which  the  boys  and  girls 
may  engage,  and  to  try  to  guide  them  into  those  vocations  which 
will  give  them  the  best  use  of  their  abilities  and  yield  the  greatest 
return  to  society  from  the  results  of  their  endeavors.  We  know 
that  there  is  a  tendency  for  the  boy,  when  he  leaves  school,  to 
pick  up  some  stray  job  like  selling  tickets  for  a  moving  pic- 
ture show  or  something  of  that  sort,  which  will  jrield  him  some 
money  immediately,  but  which  leads  to  absolutely  nothing  in  the 
futtire,  and  the  object  of  the  vocational  guidance  societies  is  to  try 
to  educate  the  school  children  into  the  idea  of  looking  forward  to 
their  life's  work  and  planning  for  it,  even  before  they  have  left 
school.  It  seems  to  me  that  this  is  a  very  important  feature  of  this 
work  which  our  committee  might  do  well  to  consider. 

H.  M.  Friendly:  There  is  a  phase  of  education  which  I  think 
has  been  sadly  neglected  in  colleges  and  in  various  institutions  of 
learning,  and  that  is  encouraging  the  students  in  the  reading  of 
technical  magazines  and  periodicals.  You  cannot  impart  ex- 
perience to  a  man,  but  you  can  impart  knowledge  to  him  in  vari- 
ous ways — ^by  reading  periodicals  and  other  literature,  and  read- 
ing the  experiences  of  men  who  have  superior  ability  to  observe 
phenomena,  etc.  A  man  will  often  get  in  touch  with  practical 
matters,  and  gain  a  degree  of  experience  in  reading  about  them, 
possibly  better  than  he  might  by  actual  contact  with  the  work. 
With  all  due  respect  to  the  colleges,  I  have  had  occasion  to  ob- 
serve that  the  men  they  ttim  out,  or  at  least  most  of  them,  are  de- 
ficient in  that  one  thing,  and  I  also  find  that  many  of  the  men  that 
come  out  of  the  colleges  and  other  educational  institutions,  be- 
causeof  theirfailure  to  read  technical  literature,f all  by  thewayside. 

Mr.  Canon:  There  are  two  or  three  points  upon  which  not 
enough  emphasis  has  been  put  in  the  discussion  of  the  papers 
this  evening,  and  one  of  these  points  is,  in  order  to  make  real  pro- 
gress in  educational  matters  the  fxmdamental  principles  of  educa- 
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tion  must  be  applied  to  these  vocational  courses  just  as  they  are 
to  the  more  advanced  courses,  and  a  great  deal  of  the  fault  in  the 
past  with  vocational  courses,  which  have  sprung  up  here  and 
there,  is  because  they  have  not  been  carefully  organized,  have  not 
been  put  in  charge  of  men  who  have  made  a  study  of  educational 
problems,  and  the  result  has  been  these  various  deficiencies  which 
have  been  pointed  out.  In  one  class  the  instructors  try  to  instill 
too  great  an  ambition  in  the  minds  of  the  students,  and  succeed 
in  getting  them  discontented  with  their  particular  line  of  work 
and  more  harm  than  good  is  done.  In  another  class  the  instruct- 
ors do  not  appreciate  the  advantage  of  picking  out  the  occasional 
individual  and  giving  him  the  personal  instruction  which  isneeded ; 
but  the  fact  that  a  group  of  papers  of  this  sort  is  brought  up 
for  discussion  at  a  meeting  of  this  nature  and  the  fact  that  more 
attention  is  being  given  to  the  subject  along  these  lines  is  en- 
couraging to  us  who  are  interested  in  educational  problems. 

George  C.  Shaad :  I  wish  to  take  some  exception  to  the  points 
brought  out  in  regard  to  the  matter  of  the  care  now  being  taken 
in  selecting  instructors  in  all  classes  of  educational  work.  I 
believe  the  personal  side  of  the  instructor  is  receiving,  in  the  better 
grades  of  institutions,  as  much,  if  not  more,  attention  than  the 
purely  theoretical  knowledge  which  the  particular  candidate  may 
possess.  It  is  only  by  securing  codperation  and  one  institution 
profiting  by  the  failure  of  another  that  much  can  be  done  through 
these  organizations  for  industrial  education,  and  if  these  institu- 
tions will  profit  by  the  f ailiu-es  of  the  past  as  much  real  progress 
in  this  line  as  in  any  other  line  of  education  can  be  made. 

O.  J.  Ferguson :  There  is  an  tmfortimate  thing  which  develops 
in  the  course  of  the  instruction  of  college  classes,  and  that  is  that 
some  30  per  cent  or  perhaps  50  per  cent  of  the  men  in  the  classes 
ought  never  to  have  gone  to  college.  I  believe  that  one  of  the 
most  encouraging  features  for  those  who  are  taking  up  the  matter 
of  vocational  training  is  to  be  looked  for  in  the  possibility  of  the 
selection  of  our  raw  material.  I  believe  that  if  we  were  able  to 
make  the  selection  of  the  raw  material  when  it  comes  to  us, 
rather  than  taking  a  great  deal  that  should  not  be  allowed  there, 
the  results  that  are  attained  from  college  education  would  be 
greatly  improved  as  well. 

Comfort  A.  Adams:  My  interest  in  the  subject  before  us 
is  not  so  much  that  of  the  professional  educator  as  that  of  the 
citizen  and  engineer,  and  the  point  I  wish  to  make  relates  to  cer- 
tain broad  aspects  and  ideals  of  social  and  educational  efficiency. 

In  the  youth  of  oiu*  country  we  have  the  raw  material  which 
undergoes  some  degree  of  refinement  and  adaptation  to  useful 
ends,  in  our  various  educational  institutions.  The  varieties  are 
only  limited  by  the  number  of  individuals,  some  are  fitted  by 
nature  for  one  life  task  and  some  for  another.  To  make  the 
most  of  this  raw  material  is  the  problem  of  education,  and  the 
degree  in  which  we  succeed  in  wisely  sorting  it  and  then  in  devel- 
oping it  in  each  of  the  numerous  fields  of  service  to  its  maximum 
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usefulness,  is  a  measure  of  the  real  efficiency  of  our  educational 
system. 

The  problem  of  developing  such  material  as  now  comes  to  our 
various  schools  and  colleges,  and  the  increase  in  the  variety  of 
fields  in  which  education  is  offered,  are  common  subjects  of  dis- 
cussion, but  it  is  to  the  subject  of  sorting  that  I  wish  to  call  your 
particular  attention. 

For  the  purpose  in  hand  let  us  divide  the  youth  of  the  cotmtry  in- 
to two  groups :  one  group  including  those  to  whom  the  higher  or  pro- 
fessional education  is  now  open — ^less  than  5  per  cent  of  the  total — 
and  the  other  group  constituting  the  remaining  95  per  cent.  Some 
may  disagree  with  my  figures  and  say  that  every  really  strong 
young  man  has  this  opportunity  if  he  is  willing  to  work;  but  such 
are  the  rare  exceptions  and  I  am  talking  of  averages.  If  the  rare 
exceptions  were  alone  to  be  considered,  the  problem  of  educa- 
tion would  be  a  simple  one.  Actual  statistics  will  show  that  my 
5  per  cent  is  a  very  liberal  allowance. 

Within  this  small  group  there  are  many  who  are  not  able  to 
profit  by  their  opportunities  and  who  are,  as  a  result  of  profes- 
sional training,  actually  tmfitted  for  occupations  more  adapted  to 
their  native  ability,  such  occupations  being  considered  beneath 
a  college  man.  On  the  other  hand,  there  is  undoubtedly  much 
material  in  the  larger  group  well  able  to  take  full  advantage  of  the 
highest  educational  opportunities,  but  prevented  from  so  doing 
by  no  fault  of  its  own.  All  this  is  a  great  burden  upon  and  loss  to 
society,  a  burden  in  attempting  to  instruct  the  unfit,  and  a  loss  by 
the  waste  of  much  good  material  sent  out  into  the  world  without 
appropriate  training.  A  yoimg  man's  college  tuition  fee  pays  or- 
dinarily not  more  than  one  third  of  the  cost  of  his  instruction ;  the 
other  two  thirds  is  contributed  directly  or  indirectly  by  the  com- 
munity at  large,  except  in  the  case  of  state  universities  where  all  of 
it  is  so  contributed.  Thus  all  of  those  young  men  who  are  not  prof- 
iting fully  by  this  training,  who  are  not  being  really  educated  (and 
this  number  is  not  small)  are  burdens  on  the  commimity,  even 
though  they  are  pajdng  tuition. 

The  industrial  training  here  under  consideration,  is  a  good 
thing  because  it  offers  to  those  in  one  group  an  opportunity  to 
increase  their  efl&ciency  within  that  group,  but  it  does  not  ftmd- 
amcntally  change  the  situation  or  touch  the  root  of  the  real 
difficulty.  It  does  not  appreciably  increase  the  opportunity  for 
the  passing  from  one  group  to  another  better  adapted  to  the  na- 
tive capacity  or  ability  of  the  individual  in  question,  it  does  not 
appreciably  improve  the  "sorting"  process. 

I  grant  you  that  this  difficulty  is  a  fundamental  one  and  that 
it  is  entangled  with  the  very  roots  of  our  social  order,  but  it  is 
well  occasionally  to  realize  the  defects  of  that  social  order  and  to 
turn  our  eyes  towards  an  ideal  if  one  is  available.  The  nearest 
approach  to  a  solution  of  the  problem  lies  in  what  might  be  called 
the  competitive  system  of  education,  in  which  the  degree  and 
variety  of  education  open  to  any  individual  is  wholly  dependent 


Digitized  by 


Google 


1462  INDUSTRIAL   EDUCATION  [June  24 

upon  his  ability  to  profit  by  the  opportunity,  as  determined  by 
competition.  (I  here  use  the  word  "education"  in  its  narrow 
rather  than  in  its  broad  sense).  A  somewhat  distant  approach 
to  such  a  system  is  now  in  operation  at  West  Point  and  Annap- 
olis. Under  our  present  social  order,  educational  opportimities 
beyond  the  legal  requirement  of  a  primary  schooling,  are  largely 
dependent  upon  the  length  of  the  parents'  bank  account.  In 
other  words,  the  present  basis  of  **sorting"  our  "raw  material" 
is  most  crude  and  irrational. 

Mr.  Stott  speaks  of  the  danger  in  the  proposed  system  of  in- 
dustrial training,  that  some  young  men  may  be  educated  beyond 
their  ability  to  make  good  or  to  profit  by  it.  This  is  exactly 
what  I  have  tried  to  point  out  in  connection  with  our  present 
system  of  higher  education,  except  that  it  is  vastly  greater  in  the 
latter  case  owing  to  the  fact  that  many  men  are  in  college  largely 
because  of  the  money  back  of  them,  whereas,  the  men  in  the  vari- 
ous industrial  or  apprenticeship  courses  are.  usually  on  their 
merits.  It  has  also  been  stated  that  men  attend  these  courses 
in  order  to  "stand  in"  ynXh  their  employers  or  bosses.  A  boss 
not  able  to  judge  of  a  man  on  his  merits  is  hardly  fit  for  his  job. 
But  in  the  college  this  becomes  a  real  danger.  A  boy  from  a 
well-to-do  family  is  sent  to  college  and  is  made  to  feel  that  he 
must  follow  some  "profession,"  when  in  fact  he  is  not  fitted  by 
nature  for  any  of  them.  He  may  be  a  good  mixer,  he  makes 
friends  and  connections  in  families  of  wealth  and  is  boosted  and 
pulled  along  into  positions  which  he  fills  with  little  satisfaction 
to  himself  or  anyone  else,  while  thousands  of  men  with  the  ability 
and  character  which  he  lacks,  are  wasting  that  ability  and  mak- 
ing poor  manual  laborers  for  lack  of  educational  opportunities. 
This  all  means  social  waste  and  inefficiency.  We  too  rarely  stop 
to  realize  that  the  more  nearly  each  imit  in  a  social  group  can  be 
developed  to  its  maximum  usefulness,  the  better  off  will  every 
other  unit  be. 

Let  us  then  lend  our  hearty  support  to  any  step  which  extends 
our  system  of  vocational  training,  which  broadens  the  range  of 
educational  opportunity,  but,  let  us  at  the  same  time  remember 
that  with  ever  so  varied  a  range  of  offerings,  we  are  yet  a  long 
way  from  any  reasonable  social  efficiency  if  we  say  to  this  or 
that  class  in  our  society,  you  may  be  educated  only  in  this  field, 
these  other  opportunities  are  closed  to  you. 

Briefly,  we  must  pay  greater  attention  to  the  "sorting"  of  our 
raw  material. 

Harry  Barker:  There  arc  two  matters  which  have  been  men- 
tioned, the  one  by  Professor  Caldwell  and  the  other  by  several 
members.  Professor  Caldwell  spoke  of  the  work  of  vocational 
guidance  which  has  been  started  in  a  number  of  places,  and  the 
others  have  mentioned  the  need  of  weeding  out  unfit  men  in 
college  courses,  and  in  vocational  courses  to  a  certain  extent. 
These  two  things  may  go  hand-in-hand  in  the  elementary  public 
schools.    A  start  has  been  made  to  carry  out  such  work  along 
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psychological  lines,  but  so  far  the  work  has  largely  been  along 
economic  improvements.  There  are  ways  in  which  you  can 
detect  abilities,  tendencies,  bents,  etc.,  but  only  a  few  people  in 
the  cotmtry  have  any  real  knowledge  which  can  be  brought  to 
bear  practically  on  this  matter.  Yet  a  start  has  been  made  and 
it  is  well  for  engineers  to  keep  in  touch  with  this  particular 
phase  of  vocational  guidance.  The  one  man  in  the  cotmtry  who 
can  speak  with  greatest  authority  on  this  phase  of  vocational 
guidance  is  Professor  Muensterberg,  and  he  is  going  into  the 
matter  seemingly  very  deeply.  He  seems  desirous  of  sharing  the 
results  of  his  studies  and  has  published  many  details  of  his  pro- 
cedure. 

The  ways  in  which  we  can  detect  budding  ability  and  bent  or 
trend  towards  certain  qualities  need  to  be  considered  along  with 
bureau  work  which  makes  vocational  guidance  stand  for  cer- 
tain economic  improvements.  We  do  not  want  to  lose  sight  of 
mental  scrutiny  in  the  great  stress  which  is  being  put  upon 
industrial  opporttmities. 

Arthur  J.  Rowland:  The  general  topic  for  the  present  report 
of  the  Educational  Committee  is  "Industrial  Education."  This 
is  also  carried  at  the  heading  of  each  page  of  my  part  of  the  report. 
It  was  not  my  intention  to  limit  what  I  had  to  say  to  that  educa- 
tion which  trains  men  in  industry  or  in  the  industries;  but  rather 
to  consider  education  planned  to  train  those  working  in  the  in- 
dustries for  wider  usefulness,  and  for  higher  places.  Relatively 
little  of  what  I  have  described  has  for  its  aim  the  training  of  rou- 
tine workers;  the  object  is  rather  to  develop  intelligent  under- 
standing of  why  a  given  routine  method  is  used,  and  the  prin- 
ciples behind  it,  along  with  an  appreciation  of  the  relation  of 
science  and  technical  subjects  to  everyday  affairs.  Such  train- 
ing fits  a  man  for  greater  usefulness  with  the  corporation  for 
which  he  works  in  the  position  he  holds;  and  also  makes  him 
available  for  advancement  to  places  of  higher  responsibility. 
The  interest  most  corporations  take  in  the  education  of  their 
employees  seems  to  center  on  this  last  fact.  A  man  who  is  worth 
anything,  who  has  been  tried  out  in  a  humble  place  where  his 
personal  qualities  have  become  known,  is  preferred  for  advance- 
ment to  a  higher  place,  if  educational  limitations  are  not  too 
great,  above  the  one  who  comes  in  unknown  and  untried. 

The  scope  of  the  paper  has  been  limited  to  that  education 
offered  to  men  who  are  employed  and  to  the  subjects  which  have 
to  do  with  industrial  and  technical  training.  In  my  paper  I 
have  not  attempted  to  deal  with  this  subject  exhaustively.  I 
have  not  included  every  school  in  Philadelphia  and  vicinity. 
I  may  not  have  done  justice  to  the  evening  school  work  of  the 
Public  School  System  of  Philadelphia.  The  statements  made 
near  the  top  of  page  1435  are  based  on  the  fact  that  except  for 
trade  school  courses  the  subjects  c^ered  are,  almost  all,  those 
belonging  to  regular  high  school  work.  The  city  of  Camden, 
N.  J.,  just  across  the  Delaware  River,  has  taken  hold  of  the  prob- 
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lem  of  industrial  education  in  a  very  careful  way  through  its 
Superintendent  of  Public  Education,  and  is  now  giving  evening 
instruction  in  wood,  metal  working,  and  in  elementary  mathe- 
matics. Certain  firms  have  been,  in  a  limited  way,  undertaking 
instruction  (of  the  school  kind)  for  their  employees. 

At  this  present  time  I  believe  it  is  safe  to  say  that  nothing  has 
been  done  in  Philadelphia  in  the  way  of  "continuation"  school 
work  except  as  noted  in  the  last  section  of  the  Committee  report 
in  certain  of  the  Pennsylvania  Railroad  shops.  There  is  a  pretty 
strong  feeling  among  Philadelphia  educators  interested  in  voca- 
tional work  that  continuation  schools  may  be  all  right  in  Ger- 
many; but  that  this  kind  of  work  to  be  successful  must  be  limited 
to  countries  where  class  distinctions  are  closely  drawn  and  the 
highest  aim  in  the  education  of  a  worker  is  therefore  to  make  him 
thoroughly  skilled  in  his  own  line  and  sufficiently  intelligent  to 
find  "joy  in  his  work."  In  America  every  man  is  pushing  for 
higher  places  in  the  shop  and  in  the  social  scale;  for  better  and  ful- 
ler recognition  of  his  best  capabilities.  Such  a  condition  is  fund- 
amental in  a  democracy  like  ours  and  all  education  should  take 
account  of  it. 

In  my  paper  I  call  attention  to  the  fact  that  in  Philadelphia  the 
various  schools  have  each  developed  the  kinds  of  education  they 
offer,  and  the  subjects  of  instruction  they  are  prepared  to  give, 
in  a  thoroughly  individual  way.  This  has  a  certain  kind  of  merit. 
It  also  has  some  serious  faults.  Since  the  paper  was  written  an 
effort  has  been  made  to  associate  all  the  institutions  offering  eve- 
ning instruction  in  technical  subjects,  especially  those  relating  to 
engineering,  for  purposes  of  better  mutual  understanding  and  in 
order  to  afford  a  means  of  dealing  with  the  educational  problems 
of  oiu"  city  in  a  direct  way  as  a  unit.  The  advantages  of  co- 
operation have  already  been  felt  and  during  the  summer  it  is 
probable  that  much  will  be  done  to  correlate  properly  all  this 
work,  to  associate  it  with  needs  and  wishes  of  manufacturers  and 
corporations,  to  have  it  properly  understood  by  the  general 
public.  It  has  developed  that  there  is  as  much  value  to  be  gained 
by  educational  institutions  who  come  into  close  association  in 
a  definite  organization  as  there  is  by  manufacturers  and  busi- 
ness men  in  their  trade  organizations.  At  the  present  time  in 
Pennsylvania  there  is  a  good  deal  of  stir  about  educational  mat- 
ters, especially  in  relation  to  those  who  have  not  had  or  cannot 
have  the  advantages  of  the  standard  forms  of  education.  The 
organization  of  Philadelphia  schools,  etc.,  just  referred  to,  is 
likely  to  become  identified  with  a  state-wide  movement  for  educa- 
tional uplift. 

A  tendency  of  our  day  is  to  establish  many  kinds  of  schools 
and  many  subjects  of  instruction,  especially  in  industrial  and 
technical  lines.  I  believe  there  is  danger  of  creating  too  many. 
The  newer  kinds  of  vocational  training  proceed  from  the  concrete 
to  the  abstract;  from  practise  to  theory.  This  leads  to  all  sorts 
of  trade  instruction  as  fundamental.     The  number  of  trades  is 
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almost  limitless  and  the  fundamental  principles  connecting  with 
them  are  relatively  few.  A  little  vocational  guidance  work 
wotdd  show  workers  and  those  interested  in  their  education  the 
need  of  instruction  in  principles,  and  much  more  than  in  practise. 
Many  illustrations  might  be  given,  but  I  will  not  take  time  for 
them.  Planning  mainly  for  the  teaching  of  principles,  a  few 
classes  only  for  which  there  was  large  demand  might  be  organized. 
A  constantly  increasing  number  of  specialized  classes  offering 
new  problems  in  teaching  and  new  requirements  in  text-boolffi 
would  be  avoided. 

Corporation  schools  are  beginning  to  attract  considerable 
attention.  Specialized  instruction  will  always  be  required  in 
every  business  and  industry  in  order  to  qualify  its  workers  to 
meet  its  individual  problems  well  and  intelligently.  Such  in- 
struction the  school  cannot  give,  since  each  of  its  classes  has  mem- 
bers from  among  the  employees  of  many  corporations.  On  the 
other  hand,  the  corporations  cannot  plan  to  teach  principles  and 
general  subjects,  which  are  fundamental  and  necessary  pre- 
requisites to  intelligent  specialized  instruction,  unless  they  dupli- 
cate the  equipment  and  faculties  of  existing  schools.  Since  such 
schools  commonly  require  heavy  endowments  or  state  appro- 
priations in  order  to  operate,  the  expense  to  a  corporation  (if  the 
work  is  well  done)  is  prohibitory. 

Many  societies  claim  to  have  educational  work  in  connection 
with  their  monthly  or  bimonthly  meetings.  This  always  takes 
the  lecture  form  and  is  "smattering"  in  character.  Its  value  is 
much  over-estimated.  A  man  doesn't  know  a  technical  subject 
unless  he  can  talk  on  it  himself  and  work  out  problems  connected 
with  it.  This  can  be  secured  only  by  systematic  training  ac- 
companied by  recitations  under  a  teacher. 

Correspondence  school  work  is  also  of  small  value.  Unless 
supplemented  by  direct  instruction,  and,  in  many  subjects,  by 
opportunities  to  conduct  personal  experimental  work,  not  much 
can  be  learned.  The  experience  of  most  evening  schools  with 
correspondence  school  students   who  seek   them   proves  this. 

Referring  now  to  the  paper,  at  page  1421,  we  find  my  feeling 
about  evening  school  work,  based  on  twenty  years  of  experience 
in  it. 

In  training  workers  for  wider  and  higher  usefulness  in  their 
chosen  vocations,  the  education  must  be  restricted  in  scope; 
given  by  an  experienced  teacher  who  can  respond  to  the  dif- 
ficulties of  his  scholars ;  and  must  be  laid  out  so  that  a  worker  in  a 
humble  place  can  be  trained  for  a  position  higher  up,  attaining 
which,  the  training  for  something  still  further  on  can  be  secured, 
and  on  and  on  indefinitely.  Such  opportunities  are  being  devel- 
oped more  and  more  in  evening  school  work  in  Philadelphia. 
The  same  thing  could  be  done  in  part  time  schools  of  a  "con- 
tinuation" type,  and  it  is  hoped  that  somehow  this  will  be  tried 
out  in  the  near  future. 
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(1)   SUGGESTED  SPECIFICATIONS  FOR  TESTING 
HIGH-VOLTAGE  SUSPENSION  INSULATORS 


BY    F.    W.    PEEK,   JR. 


The  insulators  specified  herein  are  to  be  of  the  link  suspension 
type  for  use  in  a volt  circuit.  The  dielectric  must  be  homo- 
geneous, symmetrical,  and  not  appreciably  warped. 

Surface  of  Dielectric: 

The  entire  exposed  surface  of  the  dielectric  must  be  smooth, 
uniform,  and  impervious  to  moisture.  The  dielectric  must 
be  moisture-proof  throughout,  and  in  case  a  glaze  is  necessary  on 
the  surface  it  must  be  smooth,  hard  and  firm,  and  uniformly 
applied.  The  dielectric  surface  of  the  insulators  must  be  dur- 
able and  unaffected  by  the  weather,  ozone,  nitric  acid  or  nitric 
oxides,  or  sudden  changes  in  temperatures  over  the  atmospheric 
range. 

The  requirement  for  imperviousness  shall  be  as  follows: 
The  sample  for  test  must  not  have  a  glazed  surface,  and  the 
volume  must  be  in  the  neighborhood  of  2  cu.  in.  (30  cu.  cm.).  It 
must  be  dried  at  120  deg.  cent,  until  weight  is  constant,  and  then 
immersed  in  water  for  48  hours.  The  temperature  of  the  water 
to  be  between  20  and  40  deg.  cent.  It  is  then  removed  from  the 
bath,  the  surface  water  rubbed  off  with  a  cloth,  and  weighed.  It 
must  not  haTe  absorbed  water  to  the  extent  of  more  than  0 .  25 
per  cent  of  its  original  weight. 

Cement: 

When  cement  is  necessary  in  assembling  the  dielectric  and 
metal  parts,  it  must  be  strong  and  durable — not  the  weakest 
point — and  should  preferably  be  rendered  impervious  to  moisture, 
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unaffected  by  changes  in  weather,  ozone,  nitric  oxides,   or  sud- 
den changes  in  temperatures  over  the  atmospheric  range. 

If  the  cement  contains  organic  compounds,  the  flow  point 
must  be  over  90  deg.  cent. 

FragUily: 

Designs  must  be  of  rugged  construction  and  so  formed  that 
there  will  be  a  minimum  exposure  of  any  fragile  part  to  missiles 
from  below. 

Length  of  Complete  String: 

Total  length  of  complete  string  of  units  including  cable  clamp 
should  not  be  more  than —  ft.  ( — cm.),  nor  less  than —  ft.  ( — cm.) 

General  Design: 

Practical  considerations  being  equal,  preference  will  be  given 
to  the  design  applying  best  scientific  principles  in  regard  to  the 
dielectric  circuit. 

Tests 
Factory    Test: 

Every  single  disk  or  unit  shall  be  tested  for  two  minutes  con- 
tinuously with  the  voltage  held  at  10  per  cent  below  the  arc- 
over  point. 

Three  completely  assembled  samples  of  each  type  of  insulator 
to  be  considered  shall  be  subjected  to  the  following  tests,  and  the 
purchaser  reserves  the  option  to  subject  one  out  of  every  two 
hundred  to  the  same  tests. 

Arc-Over  Tests: 

The  complete  insulator  or  assembled  string  shall  have  a  suffi- 
cient number  of  disks  in  series  so  that  while  dry  the  arc-over 
potential  (effective  sine  wave)  shall  not  be  less  than  three 
(3)  times  the  operating  voltage  (between  lines),  and  not  less  than 
2i  times  the  operating  voltage  when  exposed  to  a  spray  at  an 
angle  of  45  deg. ,  giving  0 . 2  in.  (0 . 5  cm.)  precipitation  per  minute. 

While  under  the  above  rain  test  the  insiilator  must  be  able  to 
withstand  a  continuously  applied  potential  of  2J  times  the  opera- 
ting voltage  for  five  minutes.  The  specific  resistance  of  the  spray 
water  must  be  between — and — ohms  per  cm.  cube.  These 
potentials  shall  be  supplied  by  a  60-cycle  testing  set,  giving  ap- 
proximately a  sine  wave. 

Throughout  these  electrical  tests  the  string  of  insulators  is  to 
be  supported  on  a  grounded  metal  arm,  and  the  voltage  is  to 
be  applied  between  this  arm  and  a  6-ft.  (2-m.)  length  of  cable 
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— the  same  as  is  to  be  used  on  the  transmission  line.  This  cable 
is  to  be  gripped  firmly  in  a  clamp,  and  to  project  three  ft.  (Im.) 
on  each  side.  The  potential  shall  be  applied  at  not  over  half 
arc-over  voltage,  and  increased  at  the  rate  of  about  1000  volts 
per  second. 

Arc-Over  String: 

Arc-over  should  take  place  completely  across  the  string, 
and  not  from  unit  to  unit  in  cascade.  Preference  will  be  given 
to  the  insulator  which  most  closely  fulfils  this  condition. 

Corona: 

At  1 . 3  times  line  voltage  there  must  be  absolutely  no  sign  of 
corona  or  static  discharge  on  either  the  insulators  of  the  as- 
sembled string,  or  any  of  its  fittings.  Other  conditions  being 
equal,  preference  will  be  given  to  the  insulator  for  which  the 
corona  starting  point  is  nearest  the  arc-over  point. 

Voltage  Balance  of  String: 

The  ratio  of  the  measured  arc-over  voltage  of  the  string  to  n 
times  the  arc-over  voltage  of  a  single  unit  shall  be  determined,  n 
being  the  required  number  of  units  in  a  string.  Competitive  tests 
must  be  made  at  60  cycles  and  on  the  same  transformer  and  gener- 
ator, Insiilators  are  to  be  supported  from  grounded  metal 
arm  as  above,  and  arc-over  voltages  meastired  on  string  lengths 
of  from  one  to  n  units.  Other  conditions  being  equal,  prefer- 
ence will  be  given  to  insulators  showing  best  balance  along  the 
string. 

If,  in  the  opinion  of  the  engineer,  the  '*  multigap  effect  '*  at 
high  frequency,  on  account  of  large  metal  parts  or  for  other  rea- 
sons, is  probable,  a  special  high-frequency  string  arc-over  test 
may  be  called  for. 

Uniformity  Test: 

Twenty-two  single  disks  or  units  taken  at  random  from  stock, 
and  which  have  passed  factory  test,  shall  each  in  turn  be  placed  in 
oil,  potential  not  exceeding  half  arc-over  voltage  shall  be  applied, 
and  gradually  increased  at  the  rate  of  about  1000  volts  per  second 
imtil  puncture  shall  occur.  Any  twenty  of  these  puncture  volt- 
age values  shall  then  be  selected.  The  difference  between  the 
maximum  and  minimum  puncture  voltage  must  not  be  more  than 
20  per  cent  of  the  average  voltage.  The  average  puncture 
voltage  must  be  not  less  than  30  per  cent  above  the  dry  arc-over 
voltage. 
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Special  Test 
Impulse  Test:^ 

Twenty-two  units  shall  be  selected  at  random.  Each  of  these 
disks  shall  be  connected  in  turn  to  the  impulse  circuit  shown  in 
Fig.  1.  The  gap  A  shall  be  set  (60  cycles)  at  three  times  the 
arc-over  voltage  of  a  single  unit.  The  voltage  shall  be  increased 
until  gap  A  arcs  over,  when  the  circuit  shall  be  immediately 

opened  by  breaker.     This  shall  comprise  a  **  stroke.'* strokes 

shall  be  applied  to  each  unit,  or  until  puncttire  occurs.  Prefer- 
ence shall  be  given  to  the  insulator  showing  the  greatest  uni- 
formity and  the  highest  average  puncttire  voltage.  Referring 
to  Fig.  1,  the  shunt  condenser  capacity  shall  be —  microfarads, 
and  the  inductance millihenrys. 

Note:  The  above  test  will  show,  in  a  general  way,  the  prob- 
able effect  of  surges,  lightning,  etc.,  on  the  life  of  the  insulator, 
as  well  as  uniformity  of  the  porcelain.   The  number  of  strokes,  and 


Fig.  1 

the  voltage  to  puncture,  vnW  depend  upon  wave  front  of  impulse, 
on  frequency,  etc.  This  cannot  now  be  definitely  specified,  as 
the  phenomena  have  not  yet  been  sufficiently  investigated.  A 
test  as  above,  however,  is  very  important  in  competitive  tests. 

Method  of  Measurement: 

Unless  otherwise  specified,  the  tests  are  to  be  carried  on  and 
voltages  measured  by  the  sphere  gap,  as  proposed  for  the  Stand- 
ardization Rules  of  the  American  Institute  of  Electrical  Engi- 
neers. The  voltage  shall  be  controlled  in  such  a  way  as  not  to 
distort  the  wave  form.  It  is  preferred  that  it  be  controlled  by 
a  regulator  consisting  of  a  shunt  resistance  directly  across  the 
low-voltage  side  of  the  transformer,  and  a  series  resistance  in  the 
supply  circuit.  The  shunt  resistance  must  always  by-pass  at 
least  five  (5)  times  the  exciting  current  of  the  transformer.     The 

1.  See  High' Frequency  Tests  of  Line  Insulators,  by  Imlay  and  Thomas, 
Teams.  A.  I.  E.  E.,  Vol.  XXXI,  1912,  p.  2121. 
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principal  control  is  effected  by  the  series  resistance.     This  method 
is  often  spoken  of  as  a  potentiometer  method. 

The  sphere  gap  voltmeter  must  be  corrected  for  temperature 
and  barometric  pre? sure.  A  water  tube  or  non-inductive  metal- 
lic resistance  of  about  one  ohm  per  volt  of  test  voltage  should 
be  placed  directly  in  series  with  the  gap.  The  arc-over  voltage 
and  corona-starting  voltage  must  refer  to  the  average  baromet- 
ric pressure  where  the  insulators  are  to  be  used  and  at  a  tempera- 
ture of  25  deg.  cent. 

Mechanical  Stress  Tests: 

After  it  has  been  decided  from  the  electrical  test  how  many 
disks  shall  constitute  a  suspension  unit,  this  number  shall  be 
attached  in  a  string,  together  with  the  adopted  suspension  hook 

and  cable  clamp,  and  a  load*  of lb.  ( kg.)  shall  then  be 

applied  without  rupture  or  signs  of  distress  in  any  part  of  the 
string. 

Mechanical  Inspection: 

A  mechanical  inspection  shall  be  made  of  all  insulators  and 
those  shall  be  rejected  which  contain  open  holes  or  cracks  in  the 
glaze  or  porcelain,  or  are  not  perfectly  cemented.  The  inspector 
shall  use  a  light-weight  mallet  to  rap  each  part  and  note  the  sound- 
ness of  the  ring.  Occasional  samples  of  the  ware  shall  be  broken 
to  see  that  they  do  not  contain  air  cells  or  foreign  matter. 

Protection  of  Metal  Parts: 

Metal  parts  must  be  made  of  non-corrodible  metal  or  be  heavily 
galvanized. 

General 

The  insulator  makers  shall  be  required  to  furnish  all  facilities, 
equipment,  and  labor  for  making  tests  and  inspection,  as  specified 
above,  and  shall  at  all  times  allow  free  access  to  such  facilities 
and  equipment  by  the  authorized  representatives  of  the  purchaser 
until  the  entire  order  is  inspected. 

2.  Depending  upon  the  size  of  the  conductor  to  be  used  and  the  wind 
and  ice  load  allowed. 
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HIGH-VOLTAGE    INSULATORS 


BY  J.   A.    SANDFORD,   JR. 


Specification  for  Suspension  Type  Insulators 
General: 

(a)  These  specifications  are  intended  to  cover  the  design, 
quality  and  manufacture,  including  inspection  and  testing,  of 
porcelain  insulators,  cat.  No 

(b)  The  operating  voltage  will  be 

(c)  There  will  be  required  approximately suspen- 
sion insulators,  each  of  which  shall  consist  of. units. 

(d)  There  will  be  required  approximately strain 

insulators,  each  of  which  shall  consist  of units. 

Metal  Parts: 

All  cap  castings  intended  for  cementing  to  the  top  of  the  porce- 
lain parts  shall  be  of  the  best  grade  of  malleable  iron.  All  studs 
or  center  pin  forgings  intended  for  cementing  into  the  hole  in  the 
under  side  of  the  porcelain  unit,  shall  be  of  the  best  grade  of 
steel  forging. 

Galvanizing: 

All  cap  castings  and  center  pin  forgings  shall  be  galvanized 
by  the  hot  dip  process,  and  must  be  capable  of  standing  the 
A.  T.  &  T.  immersion  test  for  one  minute.  All  fittings 
failing  to  meet  this  test  shall  be  rejected. 

See  separate  specifications  covering  galvanizing  in  detail. 

Porcelain: 

All  insulators  shall  be  made  of  a  dense,  homogeneous  porcelain 
best  adapted  to  high-tension  insulator  requirements,  free  from 
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injurious  cracks  and  flaws  or  other  injurious  defects  that  would 
render  them  unfit  for  the  purpose  intended.  The  burning  of  all 
porcelain  sections  shall  be  done  so  as  to  insure  thorough  vitrifica- 
tion. 

Glazing: 

Unless  otherwise  specially  agreed  upon,  the  glazing  will  be 
brown  and  of  a  reasonable  uniform  shade,  smooth,  hard  and  con- 
tinuous over  all  surfaces  except  those  to  be  in  contact  with  the 
cement. 

Absorption: 

Porcelain  shall  be  practically  non-absorbent.  A  test  section 
broken  from  any  insulator  shall  not  show  an  absorption  of  more 
than  one  tenth  of  one  per  cent  of  its  weight. 

Electrical  Tests  before  Assembly: 

After  inspection  to  eliminate  faulty  material,  the  unassembled 
porcelain  disks  shall  be  given  a  regular  routine  electrical  test  at 
a  point  just  below  flash-over  potential  for  five  minutes.  If 
puncture  occurs  in  the  fifth  minute,  the  tests  must  be  continued 
until  no  puncture  occurs  in  one  full  minute  of  test.  All  parts 
failing  to  meet  this  test  shall  be  rejected. 

Assembly: 

All  cemented  joints  between  insulator  parts  shall  be  carefully 
made,  using  for  this  purpose  the  best  grade  of  neat  Portland 
cement,  throughly  mixed,  and  the  proper  stiffness  for  the  nature 
of  the  work.  The  assembly  shall  be  so  done  that  no  hollow  or 
voids  will  be  left  between  these  cemented  surfaces  and  all  super- 
fluous cement  must  be  cleaned  off  of  the  insulator  before  crating. 

Mechanical  Test: 
After  approximately  ten  days'  setting  of  the  cement,  all  units 

shall  be  given  the  regular  routine  mechanical  test  of lb. 

( — ^kg.),  with  tension  applied  in  line  with  the  axis  of  the  insulator. 

Final  Electrical  Test: 

All  units  shall  be  tested  electrically  to  95  per  cent  of  flash-over 
for  one  minute. 

Design  Tests: 

The  dry  arc-over  value  of  the  assembled  insulator,  consisting 

of units,  shall  be  not  less  than volts,  potential  applied 

for  one  minute. 

The  wet  arc-over  value  of  each  insulator,  consisting  of 

units,  and  tested  under  standard  precipitation  of  1  in.  (2.5  cm.) 
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fall  in  five  minutes  at  an  angle  of  45  deg.  with  the  horizontal, 
shall  be  not  .less  than volts. 

At  the  option  of  the  purchaser  or  his  engineer,  the  contractor 
shall  conduct  tests  to  demonstrate  the  dry  and  wet  flash-over 
values  given  above,  but  inasmuch  as  these  tests  are  for  proving 
correctness  of  design  only,  not  more  than  five  insulators  of  the 
same  design  shall  be  required  to  be  subjected  to  the  tests. 

The  average  ultimate  mechanical  strength  of  the  insulator 
shall  be  not  less  than  8000  lb.  (3630  kg.) . 

At  the  option  of  the  purchaser  or  his  engineer,  one  tenth  of 
one  per  cent  of  the  niunber  of  units  so  covered  by  these  specifica- 
tions, may  be  tested  to  destruction,  but  only  such  units  as  are 
rejected  for  other  causes  shall  be  used  in  making  this  test. 

Inspection: 

The  contractor  will  give  to  the  ptirchaser  or  his  representative 
such  access  to  his  works  at  all  times  during  working  hours  as  is 
reasonable  and  necessary  to  determine  the  suitability  of  material 
to  be  supplied,  and  shall  furnish  all  necessary  apparatus,  labor, 
etc.,  in  making  the  tests  herein  called  for  without  cost  to  the 
purchaser. 

All  insulators  are  subject  to  final  inspection,  test  and  accept- 
ance at  contractor's  pottery. 

The  inspection  or  waiving  of  inspection  will  not  relieve  the 
contractor  from  obligation  to  furnish  material  in  accordance  with 
spedfication. 

Crating: 

All  insulators  shall  be  assembled  and  packed  one  per  crate  ready 
for  suspending  from  the  towers.  The  crates  will  be  of  the  con- 
tractor's standard  design. 

Should  the  contractor's  design  of  crate  not  be  satisfactory  to 
the  purchaser  or  his  engineer  or  inspector,  contractor  will  change 
same  to  suit  the  purchaser's  requirements,  with  the  reservation 
that  at  the  contractor's  discretion  he  may  or  may  not  still  assume 
the  responsibility  for  the  safe  transportation  of  the  material 
affected  by  the  change.  Fiuther,  should  the  revised  crate  speci- 
fied by  the  purchaser,  his  engineer  or  inspector,  cost  more  than 
the  contractor's  standard  crate,  the  difference  shall  be  charged 
to  the  purchaser,  which  difference  in  accepting  these  specifica- 
tions the  purchaser  agrees  to  pay. 

Drawings: 

Drawings  showing  detail  of  units  and  spacing  of  units  in  com- 
plete insulator  are  herewith  submitted.  ^.  GoOqIc 
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Specifications  for  Pin  Type  Insulators 
General  Information: 

(a)  These  specifications  are  intended  to  cover  the  design, 
quaKty  and  manufacture,  including  inspection  and  testing,  of 
porcelain  insulators,  cat.  No 

(b)  The  operating  voltage  will  be 

(c)  There  will  be  required  approximately insula- 
tors made  up  of parts,  catalog  No 

Porcelain: 

All  insulators  shall  be  made  of  a  dense,  homogeneous  porcelain 
best  adapted  to  high-tension  insulator  requirements,  free  from 
injurious  cracks  or  flaws  or  other  injurious  defects  that  would 
render  them  unfit  for  the  purpose  intended.  The  burning  of 
all  porcelain  sections  shall  be  done  so  as  to  insure  thorough 
vitrification. 

Glazing: 

Unless  otherwise  specially  agreed  upon,  the  glazing  will  be 
brown  and  of  a  reasonable  uniform  shade,  smooth,  hard  and  con- 
tinuous over  all  surfaces  except  those  to  be  in  contact  with  the 
cement. 

Absorption: 

Porcelain  shall  be  practically  non-absorbent.  A  test  section 
broken  from  any  insulator  shall  not  show  an  absorption  of  more 
than  one  tenth  of  one  per  cent  of  its  weight. 

Electrical  Tests  before  Assembly: 

After  inspection  to  eliminate  faulty  material,  the  unassembled 
porcelain  parts  shall  be  given  a  regular  routine  electrical  test  as 
follows: 
All  parts  of  tlfe  insulator  before  being  assembled  will  be  tested 

for. minutes  at  the  voltages  mentioned  below.     Shotdd 

any  part  be  puncttired  in  the minute  of  test,  the  test  will 

then  be  continued  until  no  puncture  occurs  in  one  ftdl  minute  of 
test.  These  tests  are  to  be  conducted  by  inverting  the  parts  in 
pans  of  water  and  placing  water  inside  the  several  pieces,  the 
potential  then  being  applied  to  the  two  quantities  of  water. 

The  voltages  to  be  applied  to  the  several  insulator  parts 
will  be  as  follows: 

Head volts 

Second  shell " 

Third  shell " 

Center " 

All  parts  failing  to  meet  the  above  tests  will  be  reject^jJ^^QoOQlc 
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Assembly: 

All  cemented  joints  between  insulator  parts  shall  be  carefully 
made,  using  for  this  purpose  the  best  grade  of  neat  Portland 
cement,  thoroughly  mixed,  and  the  proper  stiffness  for  the  nature 
of  the  work.  The  assembly  shall  be  so  done  that  no  hollow  or  voids 
will  be  left  between  these  cemented  surfaces,  and  all  super- 
fluous cement  must  be  cleaned  off  of  the  insulators  before 
packing. 

Final  Electrical  Test: 
All  complete  assembled  insulators  shall  be  tested  electrically 

at volts  for  three  minutes.     This  test  is  to  be  applied 

in  the  same  manner  as  the  tests  for  parts  described  under 
"  Routine  Tests." 

Design  Tests: 

The  dry  arc-over  value  of  the  assembled  insulator,  consisting 

of parts,    shall   be   not   less    than volts,    potential 

applied  for  one  minute. 

The  wet  arc-over  value  of  each  insulator,  consisting  of. 

parts,  and  tested  under  standard  precipitation  of  1  in.  (2.5  cm.) 
fall  in  five  minutes  at  an  angle  of  45  deg.  with  the  horizontal, 
shall  be  not  less  than volts. 

At  the  option  of  the  purchaser  or  his  engineer,  the  contractor 
shall  conduct  tests  to  demonstrate  the  dry  and  wet  flash-over 
values  given  above,  but  inasmuch  as  these  tests  are  for  proving 
correctness  of  design  only,  not  more  than  five  insulators  of  the 
same  design  shall  be  required  to  be  subjected  to  the  tests. 

Mechanical  Test: 

The  insulators  covered  by  the  specifications  must  be  capable 
of  withstanding  without  signs  of  distress  a  pull  of  2000  lb. 
(910  kg.)  applied  at  the  tie-wire  groove  in  a  direction  at  90  deg. 
with  the  axis  of  the  insulator  and  pin.  For  the  purpose  of  making 
this  test,  the  insulator  shall  be  mounted  on  a  solid  steel  pin 
turned  from  a  piece  of  round  steel  of  such  dimensions  that 
this  piece  of  steel  acting  as  a  pin  for  the  insulator  will  not  bend 
under  the  above-mentioned  load. 

Inspection: 

The  contractor  will  give  to  the  purchaser  or  his  representative 
such  access  to  his  works  at  all  times  during  working  hours  as  is 
reasonable  and  necessary  to  determine  the  suitability  of  material 
to  be  supplied,  and  shall  furnish  all  necessary  apparatus,  labor, 
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etc.,  in  making  the  tests  herein  called  for  without  cost  to  the 
purchaser. 

All  insulators  are  subject  to  final  inspection,  test  and  ac- 
ceptance at  contractor's  pottery. 

The  inspection  or  waiving  of  inspection  will  not  relieve  the 
contractor  from  obligation  to  furnish  material  in  accordance 
with  the  specifications. 

Packing: 

All  insulators  shall  be  assembled  and  packed  in 

each  containing insulators.     The will  be  of 

the  contractor's  standard  design. 

Should  the  contractor's  design  of not  be  satisfactory 

to  the  purchaser  or  his  engineer  or  inspector,  the  contractor  will 
change  same  to  suit  the  purchaser's  requirements,  with  the  re- 
servation that  at  the  contractor's  discretion  he  may  or  may  not 
still  assume  the  responsibility  for  the  same  transportation  of 
the  material  affected  by  the  change.  Further,  should  the  re- 
vised  specified  by  the  piu-chaser,  his  engineer  or  in- 
spector, cost  more  than  the  contractor's  standard 

the  difference  shall  be  charged  to  the  piurchaser,  which  difference 
in  accepting  these  specifications  the  purchaser  agrees  to  pay. 

Drawings: 

Drawings  showing  detail  of  the  complete  insulators  covered 
by  these  specifications  are  herewith  submitted. 

Supplementary  Directions  and  Explanations 
Minimum  Distance  from  Insulator  to  Grounded  Objects: 

As  this  factor  does  not  enter  into  the  commercial  testing  of 
insulators  we  recommend  that  it  be  neglected  and  the  standard 
practise  of  the  manufactiu-er  accepted. 

Number  of  Insulators  to  be  Tested  at  one  Time: 

As  there  are  several  hundred  sizes  of  porcelain  parts  to  be 
tested  we  recommend  that  the  number  of  parts  under  test  at 
one  time  be  such  as  to  suit  the  manufacturer's  convenience, 
except  that  the  number  shall  not  be  so  great  as  to  take  more 
than  the  full  load  current  of  the  testing  transformer,  or  make  it 
impossible  to  hold  the  test  voltage  at  the  required  point. 

Factor  of  Safety — Dry: 

We  recommend  that  the  dry  flash-over  voltage  of  any  insulator 
be  not  less  than  three  (3)  times  the  normal  voltage  at  which  it 
is  to  operate. 
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Fiictor  of  Safety — Rain: 

We  recommend  that  the  wet  flash-over  voltage  of  any  insulator 
under  standard  precipitation  of  1  in.  (2.5  cm.)  of  water  in  five 
minutes  directed  at  the  insulator  at  an  angle  of  45  deg.  with  the 
horizontal,  be  not  less  than  175  per  cent  of  the  normal  voltage 
at  which  it  is  to  operate. 

Quality  of  Water  for  Rain  Test  Purposes: 

As  this  is  one  of  the  greatest,  if  not  the  greatest  variable 
entering  into  the  rain  test,  we  recommend  the  use  of  condensed 
steam  water.  This  can  be  easily  obtained  in  any  factory  or 
laboratory.  Pressure  at  45  or  50  lb.  (20-23  kg.)  by  means  of  an 
air  pump  completes  an  outfit  that  is  satisfactory  and  the  results 
obtained  will  be  such  that  they  will  check  very  closely  with  those 
of  other  investigators. 

Inasmuch  as  the  results  are  comparative  only,  we  feel  that  this 
is  the  best  solution  of  the  difficulty,  even  though  the  quality  of 
the  water  may  be  slightly  better  than  that  met  under  opera- 
ting conditions. 

Angularity  of  Spray: 

Standard  practise  has  placed  this  at  45  deg.  with  the  horizontal, 
the  axis  of  the  insulator  being  in  the  vertical  postion.  We  see 
no  reason  for  changing  this  practise. 

Dew  Test  or  Condensation  of  Steam  on  Insulator  Surface: 

We  would  recommend  that  this  test  be  eliminated  as  giving  no 
data  that  may  not  be  obtained  otherwise. 

Testing  Capacity  of  Equipment: 

This  is  a  matter  of  little  importance  so  long  as  the  number  of 
insulators  tested  at  one  time  does  not  load  the  transformer  to 
more  than  its  rated  capacity,  thus  making  it  impossible  to  hold 
the  voltage  up  to  the  required  point,  and  may,  therefore,  be  left 
to  the  manufacturer. 

Method  of  Control  of  Voltage: 

The  method  of  using  the  field  rheostat  of  the  alternator  as  a 
means  of  control  is  offered  as  being  the  most  desirable  from  all 
points  of  view.  The  low-tension  winding  of  the  testing  trans- 
former may  be  easily  arranged  so  that  for  a  given  test  voltage  the 
generator  may  be  worked  at  such  a  point  on  the  saturation  curve 
as  not  to  cause  any  trouble  from  wave  distortion,  due  to  weak 
field  excitation. 

Control  by  means  of  an  induction  regulator  taking  current 
from  a  constant-potential  circuit  may  also  be  recommended  as 
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offering  few  objectionable  features  and  as  being  very  convenient 
in  some  instances. 

Control  by  water  rheostat  in  the  primary  circuit  should  be  used 
only  in  cases  especially  arranged  so  that  distortion  of  wave  form 
will  not  occur  or  where  much  distortion  will  be  unobjectionable. 

TTie  potentiometer  method  of  control  is  well  adapted  to  labora- 
tory work  where  the  number  of  tests  to  be  made  is  comparatively 
small  and  the  work  is  intermittent.  For  regular  factory  testing 
of  insulators,  however,  this  method  is  very  expensive,  due  to  the 
large  amount  of  power  being  continuously  expended  in  the  re* 
sistances. 

Grounding  of  One  End  or  Middle  of  Testing  Circuit: 

As  applying  to  all  regular  or  routine  tests  this  point  may  be 
left  to  the  convenience  or  standard  practise  of  the  manufacturer. 
Special  test  or  method  of  connection  should  be  left  for  decision 
between  the  parties  concerned. 

Frequency  of  Test  Voltage: 

Any  commercial  frequency  from  25  to  133  cycles,  inclusive, 
may  be  used  for  regular  factory  routine  tests.  Special  tests  at 
frequencies  not  included  above  are  to  be  covered  by  special 
specifications  as  occasion  requires.  This  is  intended  to  cover 
so-called  *'  high-frequency  or  impulse  tests.*' 

Method  of  Measuring  Voltage  on  Test  Circuit: 

The  method  of  measuring  the  voltage  on  the  test  circuit  shall 
be  that  method  recommended  by  the  American  Institute  of 
Electrical  Engineers,  covering  such  cases. 

We  suggest,  however,  that  instead  of  taking  spark  gap  readings 
for  every  test,  the  manufacturer  calibrate  his  equipment,  thus 
securing  a  curve  between  low  voltage  and  spark  gap  readings 
which  will  be  found  to  be  sufficiently  accurate  for  routine  work 
and  a  very  great  time  saver  in  making  the  tests. 

What  Constitutes  Breakdown  of  an  Insulator: 

To  the  insulator  manufacturer  and  probably  the  larger  part 
of  the  engineering  profession,  '*  breakdown  "  of  an  insulator 
means  failure  by  puncture,  thereby  totally  destroying  the  useful- 
ness of  the  insulator  in  question.  We  recommend  that  this  term 
be  understood  in  this  sense. 

Regarding  corona,  brush  discharge,  static  streamers  and  arc- 
overs  we  regard  the  conditions  as  different  degrees  of  distress, 
and  the  manner  of  observing  and  recording  them  is  open  to  dis- 
cussion.    The  appearance  of  these  various  degrees  of  distress 
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is  very  irregular  and  uncertain  and  varies  greatly  on  the  same  in- 
sulator with  varying  conditions  of  test. 

The  ultimate  arc-over  value  of  various  styles  of  insulators  may 
be  obtained  individually,  but  we  recommend  that  the  only 
way  in  which  satisfactory  comparisons  of  these  other  various 
degrees  of  distress  on  different  styles  of  insulators  can  be  mkde 
is  to  test  all  styles  to  be  compared,  at  one  time,  in  parallel,  and 
in  a  dark  room,  when  these  differences  can  be  seen  and  a  fair 
record  made. 

Tests  for  the  Puncture  Strength  of  the  Insulator: 

Tests  on  a  certain  per  cent  of  each  1000  insulators  should  be 
made  to  determine  the  ability  of  the  insulator  to  resist  puncture. 
This  test  is  best  made  by  submerging  the  insulator  in  oil.  The 
nature  of  the  test  is  such  that  it  cannot  well  be  specified  to  apply 
to  more  than  a  small  percentage  of  the  number  of  insulators 
covered  by  the  specifications. 

In  testing  suspension  insulators  under  oil  for  punctiu"e  value, 
the  porcelains  should  be  completely  assembled  with  the  standard 
fittings,  (or  equivalent),  with  which  they  are  to  be  used  in  service. 
'  In  the  case  of  pin  type  insulators  there  should  be  attached, 
to  the  head  of  the  insulator,  wire  representing  the  tie  and  line 
wires,  and  a  metal  pin  should  be  assembled  in  proper  manner  in 
the  pin  hole. 

The  test  voltage  should  then  be  applied  to  the  fittings  in  each 
case.  The  average  puncture  value  obtained  under  these  condi- 
tions should  not  be  less  than  135  per  cent  of  the  dry  flash-over 
voltage  of  the  complete  insulator  in  question. 

In  order  to  be  able  to  compare  results  of  tests  made  by  differ- 
ent investigators,  it  is  necessary  to  standardize  the  manner  of 
applying  the  voltage  as  regards  the  time  element  involved.  We 
recommend  the  following: 

Apply  to  the  insulator  a  voltage  20,000  volts  below  the  dry 
flash-over  value  for  30  seconds,  then  raise  the  voltage  by  10,000- 
volt  steps  until  puncture  occurs,  holding  the  voltage  constant  at 
each  step  for  30  seconds. 

For  testing  sample  disks  of  porcelain  not  made  up  into  insula- 
tor shape,  we  recommend  that  spheres  J  in.  (12.7  mm.)  in 
diameter  be  used  as  terminals. 

Simultaneous  Mechanical  and  Electrical  Test: 

We  recommend  that  this  test  be  eliminated  from  the  list  of 
commercial  tests,  as  we  feel  that  it  is  piu-ely  a  laboratory  proposi- 
tion and  that  at  best  the  results  of  such  tests  are  very  unreliable. 
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LATORS  HAVING  AN  OPERATING  VOLTAGE 

EXCEEDING  25,000  VOLTS 


BY  PERCY  H.  THOMAS 


Introductory: 

This  specification  gives  the  conditions  of  tests  and  inspections 
which  are  found  best  to  secure  reliable  high-tension  line  insulators 
for  use  under  the  ordinary  conditions  of  power  transmission  work. 
It  is  expected  to  serve  as  a  skeleton  or  model  specification  and 
may  be  supplemented  by  such  additional  matters  as  may  be 
appropriate  for  any  particular  case. 

GENERAL  SPECIFICATION  COVERING  ALL  TYPES 

1.    (a)  This  specification  is  intended  to  cover  the  inspection 

and  testing  as  to  design,   quality  and  manufacture,  of 

porcelain  insulators,  cat. No ,  of 

Company. 

(b)  The  operating  voltage  is 

2.  Drawings: 

A  dimensioned  drawing  shall  be  furnished  showing  the  com- 
plete insulator  and,  if  the  insulators  are  built  up  or  composed  of 
a  string  of  elements,  showing  also  each  element. 

3.  Inspection: 

The  maker  will  give  to  the  purchaser  or  his  representative 
such  access  to  his  works  at  all  times  during  working  hours  as  is 
reasonable  and  necessary  to  determine  the  suitability  of  material 
to  be  supplied,  and  shall  furnish  all  necessary  apparatus,  labor, 
etc.,  in  making  the  tests  herein  called  for  without  cost  to  the 
purchaser.  ^  I 
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All  instdators  are  subject  to  final  inspection,  test  and  accept- 
ance at  maker's  pottery. 

The  inspection  or  waiving  o£  inspection  will  not  relieve  the 
maker  from  obligation  to  furnish  material  in  accordance  with 
this  specification. 

4.  Design: 

All  insulators  shall  be  designed  to  fail  by  flash-over  and  not 
by  puncture. 

Insulators  shall  be  of  robust  construction  and  design  so  as  not 
to  be  easily  injured  in  handling. 

The  ultimate  criterion  of  the  merit  of  an  insulator  is  its  per- 
formance in  service  and  the  best  practical  measure  thereof  is  its 
behavior  under  definite  tests.  However,  as  no  practicable  tests 
actually  reproduce  service  conditions,  for  example  in  the  matter 
of  high-frequency  voltage,  criticism  on  theoretical  grounds  is 
valuable,  and,  other  things  being  equal,  preference  should  be 
given  to  the  insulators  most  closely  conforming  to  theoretically 
best  designs. 

Metal  Parts 

5.  Corrosion: 

All  metal  parts  shall  be  of  non-corrodible  material  or  shall 
be  galvanized  in  accordance  with  the  specifications  for  galvaniz- 
ing prescribed  by  the  joint  committee  of  the  National  Electric 
Light  Association  in  its  specification  for  overhead  crossings  of 
power  lines  above  telephone  and  other  low-voltage  lines. 

6.  Factor  of  Safety: 

Metal  parts  shall  have  a  factor  of  safety  of  at  least  three  over 
the  maximum  strain  that  they  may  receive  in  service,  except 
that  with  pins  for  pin  type  insulators  the  factor  may  be  reduced 
to  two  where  a  higher  factor  is  impracticable. 

Porcelain 

7.  Quality: 

All  porcelain  parts  shall  be  made  dense  and  homogeneous  as 
is  best  adapted  to  high-tension  insulator  requirements,  free 
from  injurious  cracks  and  flaws  or  other  defects  that  would 
render  them  unfit  for  use  in  insulators.  The  burning  of  all 
porcelain  sections  shall  be  done  so  as  to  instire  thorough  vitri- 
fication. The  surface  shall  be  smooth  and  uniform  and  moisture- 
proof. 
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8 .  Glazing: 

The  glazing  shall  be and  of  a  reasonable  uniform 

shade,  smooth,  hard  and  continuous  over  all  surfaces  except  those 
to  be  in  contact  with  the  cement.  It  shall  be  unaffected  by 
weather,  ozone,  nitric  acid,  nitric  oxides,  alkali  dust,  or  sudden 
changes  in  temperatiu"e  over  the  atmosphere  range. 

9.  Absorption: 

The  requirement  for  imperviousness  shall  be  as  follows: 
The  sample  for  test  must  not  have  a  glazed  siuiace,  and  the 
volume  must  be  in  the  neighborhood  of  2  cu.  in.  (30  cu.  cm.). 
It  must  be  dried  at  120  deg.  cent,  until  weight  is  constant,  and 
then  immersed  in  water  for  48  hours.  The  temperature  of  the 
water  to  be  between  20  and  40  deg.  cent.  It  is  then  removed 
from  bath,  surface  water  rubbed  off  with  a  cloth,  and  weighed.  It 
must  not  have  absorbed  water  to  the  extent  of  more  than  one- 
tenth  of  one  per  cent  of  its  original  weight. 

Cement 

10.  Assembling: 

All  cemented  joints  between  insulator  parts  shall  be  carefully 
made,  using  for  this  purpose  the  best  grade  of  neat  Portland 
cempnt,  thoroughly  mixed.  The  assembly  shall  be  so  done  that 
no  hollows  or  voids  will  be  left  between  the  cemented  surfaces 
and  all  superfluous  cement  must  be  cleaned  off  of  the  insulator 
before  crating. 

Electrical  Testing 

11.  Wave  Form: 

The  wave  form  of  the  generator  shall  be  true  sine  curve  within 
the  limits  specified  for  generators  by  the  Standardization  Rulf  s 
of  the  American  Institute  of  Electrical  Engineers. 

12.  Control  of  Voltage: 

The  voltage  shall  be  controlled  in  a  way  not  to  distort  the  wave 
form.  It  is  preferred  that  it  be  controlled  by  a  regulator  con- 
sisting of  a  shunt  resistance  connected  directly  across  the  low- 
voltage  side  of  the  transformer,  and  a  series  resistance  in  the 
supply.  The  shunt  resistance  must  always  by-pass  at  least  five 
(5)  times  the  exciting  current  of  the  transformer.  The  principal 
control  is  effected  by  the  series  resistance.  The  method  is  often 
spoken  of  as  a  potentiometer  method. 

For  routine  tests  other  methods  of  variation  of  potential  may 
be  used,  provided  such  routine  test  apparatus  has  been  cali- 
brated by  an  approved  method  frtr  the  actual  parts  or  groups  of 
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parts  to  be  subjected  to  the  routine  test.  Such  calibration  shall 
be  made  on  the  maximum  number  of  pieces  to  be  used  in  the 
routine  test. 

13 .  Measurement  of  Voltage: 

The  method  of  measimng  the  voltage  on  the  test  circuit  shall 
be  that  method  recommended  by  the  American  Institute  of 
Electrical  Engineers,  covering  such  cases. 

Fo'  routine  work,  instead  of  taking  spark  gap  readings  for 
every  test,  the  maker  may  calibrate  his  equipment  by  the  ap- 
proved method  of  voltage  measiu-ement,  thus  seciuing  a  ctu^e 
between  primary  voltage  and  secondary  spark  gap  readings, 
which  curve  may  be  used  to  determine  the  secondary  voltage. 
Such  calibration  shall  be  made  on  the  routine  test  apparatus 
with  the  maximum  number  of  parts  to  be  actually  used  in  the 
routine   test. 

14.  Kilowatt' Ampere  Capacity  of  Testing  Apparatus: 

The  kilowatt-ampere  capacity  of  the  testing  apparatus  is 
important,  for  the  leading  current  taken  by  the  insulators  tends 
to  distort  the  test  voltage.  The  maximum  current  taken  from 
the  test  apparatus  should  not  be  so  great  as  to  distort  the  voltage 

wave  sufficiently  to  cause  a  condenser  to  take  more  than 

times  the  current^  it  would  take  on  a  true  sine  voltage,^  and  the 
current  taken  from  the  test  apparatus  shall  in  no  case  exceed 
full  rated  load. 

15.  Surrounding  Conditions  During  Tests: 

With  insulators  intended  for  lines  not  exceeding  75,000  volts 
no  object  other  than  leads  and  support  should  approach  nearer 
than  6  ft.  (1.8  m.)  to  the  insulator.  For  insulators  intended  for 
lines  of  higher  voltages  the  conditions  for  the  **  design  test  '* 
of  complete  insulators  should  be  made  as  nearly  as  practicable 
the  same  as  the  conditions  of  actual  service  as  regards  the 
grounding  of  one  side  of  the  insulator  and  the  arrangement  and 
distance  of  grounded  objects.  A  conductor  of  6  ft.  (1.8  m.)  or 
more  in  length,  extending  equally  on  both  sides  of  the  clamp, 
should  be  used  to  represent  the  transmission  wire. 

Routine  tests  not  being  on  completed  insulators  do  not  require 
these  precautions,  but  in  each  case  the  method  of  making  routine 

1.  See  paper  by  C.  M.  Davis,  this  volume,  p.  775. 

2.  This  may  be  determined  by  the  formula  I  —  n  V  C,  where  /  is 
amperes,  V  is  volts,  n  is  cycles  per  second  and  C  is  capacity  in  micro- 
farads. 
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tests  shall  be  calibrated  when  the  surroundings  are  different  from 
those  here  prescribed. 

16.  Frequency: 

Tests  should  be  made  at  the  frequency  at  which  the  insulator 
is  to  be  used.  Where  special  agreement  is  made,  tests  must  be 
made  at  60  cycles  on  insulators  intended  for  use  on  higher 
and  lower  frequencies.  No  error  of  a  serious  magnitude  will  be 
expected  within  the  range  of  25  to  133  cycles. 

17.  What  Constitutes  a  Breakdown: 

An  insulator  is  said  to  "  fail  "  under  a  voltage  test  whenever 
a  puncture  occtu"s  in  any  part  of  the  insulator  or  when  a  discharge 
of  any  sort  passes  from  one  terminal  to  the  other,  since  such  a 
discharge  would  be  followed  by  an  arc  on  a  power  line. 

Local  breakdown,  either  corona  or  local  sparks,  is  an  important 
symptom  of  weakness,  and  indicates  possible  bad  performance 
imder  other  conditions.  The  weight  to  be  given  local  breakdown, 
however,  is  a  matter  of  judgment  and  is  best  considered  in  the 
light  of  simultaneous  competitive  tests. 

18.  Rain  Tests: 

Water  should  be  sprayed  on  the  insulator  at  a  uniform  rate 
averaging  1  in.  (2.5  cm.)  depth  in  5  minutes,  and  should  be 
reasonably  uniformly  distributed  over  the  whole  insulator.  The 
rate  of  precipitation  shall  be  measiu-ed  by  collection  of  water  in 
a  pan  at  the  location  of  the  insulator,  the  insulator  being  removed. 
A  satisfactory  spray  in  the  form  of  a  fine  mist  can  be  obtained  by 
some  forms  of  atonwzers  where  pressure  is  available. 

The  spray  shall  strike  the  insulator  at  an  angle  of  approxi- 
mately 45  deg. 

The  water  used  shall  have  a  high  specific  resistance,  not  less 

than  ...„ ohms  per  cu.  in.  ( ohms  per  cu. 

cm.).  Pure  water  may  often  be  obtained  from  condensed  steam 
or  melted  ice,  or  rain. 

When  insulators  are  to  be  used  in  localities  subjected  to  salt 
spray  or  alkali  mists  special  tests  should  be  made. 

CHI  Tests: 

Tests  on  a  certain  percentage  of  each  1000  insulators,  not 
exceeding  }  of  one  per  cent,  should  be  made  to  determine  the 
ability  of  the  insulator  to  resist  puncture.  This  test  is  best  made 
by  submerging  the  insulator  in  oil. 

Suspension  insulators  should  be  completely  assembled  with 
the  standard  fittings  with  which  they  are  to  be  used  in  service,    j 
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With  pin  type  insulators  there  should  be  attached  to  the  head 
of  the  insulator,  wires  representing  the  tie  and  line  wires,  and  a 
metal  pin  should  be  placed  in  proper  manner  in  the  pin  hole. 

The  test  voltage  should  then  be  applied  to  the  fittings  m  each 
case.  The  puncture  value  obtained  under  these  conditions  should 
not  be  less  than  135  per  cent  of  the  dry  flash-over  voltage. 

In  making  the  test,  apply  to  the  insulator  a  voltage  30  to  40 
•per  cent  below  the  dry  flash-over  value  for  30  seconds,  then 
raise  the  voltage  by  steps,  until  puncture  occurs,  at  a  rate  of 
about  1000  volts  per  second. 

PIN  TYPE  INSULATORS 

19.  Inspection: 

All  parts    should  be  inspected  before  assembling. 

20.  Electrical  Tests  Before  Assembling: 

All  parts  of  the  insulator  before  being  assembled  will  be 
tested  for  three  minutes  at  the  voltages  given  in  the  following 
table.  Should  any  part  be  punctured  in  the  last  minute  of  test, 
the  test  will  then  be  continued  until  no  puncture  occurs  in  one 
full  minute  of  test.  These  tests  are  to  be  conducted  by  inverting 
the  parts  in  pans  of  water  and  placing  water  inside  the  several 
pieces,  the  potential  then  being  applied  to  the  two  bodies  of 
water. 

TEST    OF   VOLTAGES    ON    PARTS 

Head volts 

Second  Shell ** 

Third  shell « 

Center « 

21.  Final  Electrical  Tests: 

All  complete  assembled  insulators  shall  be  tested  electrically 
at  10  per  cent  below  the  flash-over  voltage  for  three  minutes. 
This  test  is  to  be  applied  in  the  same  manner  as  the  tests  for 
parts  described  for  Routine  Tests,  §§12,  13  and  15. 

22.  Design  Tests — Mechanical: 

The  following  design  test  shall  be  made  on  enough  complete 
insulators,  not  exceeding  J  of  one  per  cent,  to  determine  the 
behavior  of  the  design  and  the  uniformity  of  the  product. 

The  insulators  covered  by  these  specifications  must  be  cap- 
able of  withstanding  without  signs  of  distress  a  pull  of lb. 

( kg.)  applied  at  the  tie-wire  groove  in  a  direction  at  90 

deg.  with  the  axis  of  the  insulator  and  pin.  For  the  purpose  of 
making  this  test,  the  insulator  shall  be  mounted  on  the  pin  to  be 
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used  in  service.  In  case  of  failure  the  question  as  to  whether 
the  insulator  or  the  pin  is  at  fault  shall  be  determined  by  testing 
again  with  a  solid  steel  pin  turned  from  a  piece  of  round  steel  of 
such  dimensions  that  this  piece  of  steel  acting  as  a  pin  for  the 
insulator  will  not  bend  under  the  above-mentioned  load. 

23.  Design  Tests — Electrical: 

The  following  design  tests  shall  be  made  in  enough  complete 
insulators,  not  exceeding  J  of  one  per  cent,  to  determine  the  per- 
formance of  the  type.    The  insulator  shall  stand  without  failure: 

A  dry  arc-over  test  of  not  less  than  three  times  potential 
between  line  wires  applied  for  one  minute. 

A  wet  arc-over  test  of  2J  times  the  potential  between  line  wires 
for  one  minute. 

SUSPENSION  TYPE  INSULATORS 

24.  Inspection: 

All  parts  shall  be  inspected  before  assembling. 

25.  Electrical  Tests  Before  Assembling: 

The  unassembled  porcelain  disks  shall  be  given  a  regular 
routine  electrical  test  at  a  voltage  10  per  cent  below  flash-over 
potential  for  five  minutes.  If  pimcture  occiu-s  in  the  fifth 
minute,  the  tests  must  be  continued  until  no  puncture  occurs 
in  one  full  minute  of  test. 

26.  Mechanical  Test: 

After  approximately  ten  days  setting  of  the  cement,  all  units 

shall  be  given  the  regular  routine  mechanical  test  of lb. 

( kg.),  with  tension  applied  in  line  with  the  axis  of  the 

insulator. 

27.  Final  Electrical  Tests: 

All  disks  shall  be  tested  at  a  voltage  10  per  cent  less  than  flash- 
over  for  two  minutes.  If  puncture  occurs  during  the  last  minute 
the  test  must  be  continued  until  no  puncture  occurs  in  one  full 
minute  of  test.  This  test  shall  be  made  after  the  mechanical 
test  above  prescribed,  §26. 

28.  Design  Tests — Electrical: 

The  following  design  tests  shall  be  made  on  enough  complete 
assembled  insulators,  not  exceeding  J  of  one  per  cent,  to  deter- 
mine the  performance  of  the  type.  The  insulator  shall  stand 
without  failure. 
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A  dry  arc-over  test  of  the  complete  insulator,  consisting  of 
units,  of volts,  applied  for  one  minute. 

A  wet  arc-over  test  of  each  insulator,  of volts. 

It  is  preferable  that  the  arc-over  of  the  complete  insulator 
shall  be  over  the  insulator  as  a  whole  and  shall  not  be  over  the 
individual  elements. 

There  is  no  advantage  in  a  dry  flash-over  strength  greatly 
exceeding  the  wet  flash-over  strength  and  there  is  the  disadvant- 
age of  the  greater  danger  of  puncture.  The  wet  flash-over  volt- 
age should  not  be  less  than  twice  the  voltage  between  line  wires. 

29.  Design  Tests — Mechanical: 

At  the  option  of  the  purchaser  or  his  engineer,  one-tenth  of 
one  ppr  cent  of  the  whole  number  of  assembled  parts  forming  one 
element  may  be  mechanically  tested  to  destruction.  Where 
practicable  such  units  as  are  rejected  for  other  causes  shall  be 
used  in  making  this  test. 

APPENDIX 

The  following  tests  are  recommended  as  desirable  where 
appropriate.  They  are  not  incorporated  in  the  above  tests  as 
experience  with  them  is  not  yet  sufficiently  broad. 

30.  Uniformity  Test: 

Twenty-two  single  disks  or  elements  taken  at  random  from 
stock  which  have  passed  factory  test,  shall  each  in  turn  be  placed 
in  oil,  potential  not  exceeding  30  to  40  per  cent  of  arc-over  voltage 
shall  be  applied,  and  gradually  increased  at  about  the  rate  of 
1000  volts  per  second  until  puncture  shall  occur.  Any  twenty 
of  these  values  of  puncture  voltage  shall  then  be  selected  by  the 
maker.  The  difference  between  the  maximum  and  minimum 
puncture  voltage  must  not  be  more  than  20  per  cent  of  the 
average  voltage.  This  test  should  be  repeated  with  one  or  more 
additional  groups  of  22  disks,  not  exceeding  in  the  aggregate 
J  of  one  per  cent  of  the  total,  enough  to  determine  the  uniformity 
of  the  product. 

31.  Impulse  Test: 

Twenty-two  units  shall  be  selected  at  random.  Each  of  these 
disks,  or  preferably  several  disks  in  series,  shall  be  connected  in 
turn  to  the  impulse  circuit  shown  in  Fig.  1 , p.  1460.  The  gap^  shall 
be  set  at  three  or  preferably  four  times  the  arc-over  voltage  of  a 
single  unit.  The  voltage  shall  be  increased  until  gap^  arcs  over, 
when  the  circuit  shall  be  immediately  opened  by  breaker.    This 
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shall  comprise  a  **  stroke."     strokes  shall  be  applied 

to  each  unit  or  string  of  units  or  until  punctiu-e  occurs.  Prefer- 
ence shall  be  given  to  the  insulator  showing  the  greatest  uniform- 
ity and  the  highest  average  puncture  voltage.     Referring  to 

Fig.  1,  page  1460,  the  shunt  condenser  capacity  shall  be 

microfarads,  and  the  inductance millihenrys. 

Note  :  The  above  test  will  show,  in  a  general  way,  the  probable 
effect  of  surges,  lightning,  etc.,  on  the  life  of  the  insulator,  as 
well  as  uniformity  of  the  porcelain.  The  number  of  strokes,  and 
voltage,  to  puncture,  will  depend  upon  wave  front  of  impulse, 
or  frequency,  etc.  This  cannot  now  be  definitely  specified,  as 
the  phenomena  have  not  yet  been  suflficiently  investigated.  A 
test  as  above,  however,  is  very  important  in  competitive  tests. 

32.  Rain  Tests — Position  of  Insulator: 

With  pin  insulators,  where  more  convenient,  instead  of  inclin- 
ing the  spray  at  46  deg.  with  the  insulator,  the  latter  being  verti- 
cal,— the  spray  may  be  made  vertical  and  the  insulator  inclined 
at  45  deg. 
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Discussion  on  "  Suggested  Specifications  for  Testing 
High-Voltage  Insulators  "  (Peek,  Sandford  and 
Thomas),  Cooperstown,    New    York,    June    25,    1913. 

F.  W.  Peek|  Jr.:  The  line  instilator  is  an  important  factor 
in  determining  the  success  or  failure  of  a  transmission  scheme. 
The  requirements  in  present  insulator  specifications  in  no  way 
provide  for  uniform  porcelain.  Destructive  puncture  tests 
are  generally  made  on  a  few  selected  units  which  may  indicate 
a  very  good  insulator.  On  accotmt  of  the  great  lack  of  uniform- 
ity in  most  porcelain  these  tests  do  not  determine  the  performance 
of  the  bulk  of  the  insulators  which  are  manufactiured  later  and 
put  on  the  line.  It  is  thus  seen  that  tmiformity  of  the  porcelain 
is  one  of  the  most  desirable  features  of  a  line  insulator.  I  should 
like*  to  bring  out  a  few  points  that  should  be  covered.  In  almost 
all  other  engineering  work  the  strength  of  a  given  material  is 
known  and  can  be  depended  upon  within  a  small  per  cent  of  the 
value  indicated  by  test  pieces.  The  material  is  tmiform,  and 
uniformity  is  a  necessity.  If  structiural  steel  varied  a  tenth 
as  much  as  most  porcelain  used  in  present  line  insulators,  there 
could  be  no  "  sky  scrapers."  Tests,  then,  should  be  such  as  to 
secure  uniform  porcelain.  This  might  be  accomplished  by  requir- 
ing the  destructive  uniformity  test,  or  the  impulse  test,  made  on 
instdators  taken  at  random  from  different  parts  of  the  kiln  at 
each  firing.  Again,  the  specifications  might  require  that  a  cer- 
tain percentage  of  the  insulators  of  each  kiln  at  each  firing  pass 
the  factory  test,  otherwise  all  the  insulators  of  the  kiln  at  the 
given  firing  be  condemned.  For  instance — ^if  in  one  firing  in  a 
given  kiln  50  per  cent  of  the  insulators  fail  to  pass  the  factory 
test ,  and  if  in  the  next  firing  only  10  per  cent  fail  to  pass  the  factory 
test,  the  instdators  in  firing  No.  2  would  be  much  more  reliable. 
A  greater  percentage  would  stand  voltage  rises  on  the  line. 

I  do  not  believe  that  the  factory  tests  made  on  all  of  the  in- 
stdators should  be  too  severe.  For  example,  an  exceedingly 
high  voltage  of  steep  wave  front,  or  short  duration,  may  be 
impressed  upon  an  insulator  without  any  apparent  damage, 
but  nevertheless  the  insulator  is  weakened.  It  may  be  that  after 
nine  of  such  applications  there  is  no  visible  change  but  on  the 
tenth  application  puncture  may  occur. 

This  is  probably  one  reason  why  insulators  that  have  long 
given  good  service  after  a  time  begin  to  break  down,  by  the 
weakening  due  to  accumulative  effect  of  impulses  received  in 
service  caused  by  arcing  grounds,  arcing  over  of  poor  insulators, 
lighting,  etc. 

It  is  desirable  to  make  such  tests,  but  only  on  insulators  that 
are  not  to  be  used  on  the  line.  These  tests  indicate  what  can  be 
expected  of  the  bulk  of  the  insulators  if  the  porcelain  is  uniform. 

Some  suspension  insulators  recently  came  to  my  attention 
which  had  passed  factory  inspection.  These  would  ordinarily 
have  been  placed  in  service.    On  breaking  a  few  it  was  seen 
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that  the  porcelain  was  very  porous.  Such  insulators  puncture 
at  very  low  voltage  when  dry,  and  when  the  glaze  becomes 
checked,  breakdown  will  generally  occur  in  practise.  Moisture 
is  tmdesirable  in  the  cement  even  when  the  porcelain  is  good. 
Cases  have  come  to  my  attention  where,  due  to  the  cement  and 
moisture,  the  metal  pin  was  chemically  affected.  A  coating 
formed  on  the  pin.  The  pin,  thus  increased  in  size,  placed  the 
porcelain  under  great  mechanical  stress,  probably  producing 
tiny  cracks.  When  puncture  occurred  in  such  insulators  due 
to  lightning,  even  when  dynamic  was  not  on  the  line,  the  cap  was 
ruptured  as  in  a  boiler  explosion,  dropping  the  line  to  the 
ground.  The  explosion  was  probably  caused  by  sudden  expan- 
sion of  moisture  in  the  cement.  The  mechanical  stress  and  tiny 
cracks  therefrom  weakened  the  instilator  so  that  puncture  also 
took  place  at  line  voltage.  Moistiu'e-proof  cement  seems 
desirable. 

It  is  very  important  that  when  arc-over  occtu^,  the  design 
should  be  such  that  it  takes  place  completely  around  the  string 
and  not  from  unit  to  imit  in  cascade.  Complete  arc-over  is 
most  likely  to  be  obtained  if  the  voltage  balance  of  the  string 
is  good.  When  arc-over  takes  place  in  cascade  the  equivalent 
of  successive  impulse  tests  gre  played  on  the  units  as  the  arc 
approaches  the  tower  unit,  until  finally,  when  the  tower  unit 
is  reached,  the  ftill  line  voltage  or  over  will  be  on  this  unit  until 
it  arcs  over  or  pimctures.  A  cascade  arc  also  heats  the  tmits 
more  than  a  complete  arc,  and  breakage  due  to  heat,  and  hence 
dropping  of  the  line,  is  likely  to  occur. 

It  is  not  often  realized  that  altitude  makes  a  vast  difference 
in  arc-over  voltage  of  insulators. 

In  making  insulator  tests,  the  transformer  ratio  shotild  be 
calibrated  with  the  sphere  gap  to  include  wave  shape.  Voltage 
may  then  be  measured  by  ratio  if  the  same  method  of  voltage 
control  is  used. 

In  all  engineering  work  the  cost  of  various  factors  must  be  so 
divided  that  a  maximum  return  is  obtained  from  the  investment. 
Engineers  should  realize  that  it  is  better  to  pay  more  at  the  start 
for  a  good  and  wisely  selected  instilator  than  to  pay  many  times 
later  by  the  loss  of  prestige  due  to  poor  service,  and  by  damaged 
apparatus,  to  say  nothing  of  the  replacement  of  insulators. 
Each  insulator  that  punctures  or  arcs  over  sends  out  impulses 
of  high  frequency  which  may  weaken  or  destroy  other  insulators 
and  apparatus. 

While  good  uniform  porcelain  is  necessary,  it  must  be  remem- 
bered that  good  porcelain  does  not  always  mean  a  good  insulator, 
that  good  insulators  may  be  weakened  by  improperly  adding 
perfectly  good  porcelain. 

My  "  Suggested  Specifications "  do  not  require  an  ideal 
insulator,  but  are  requirements  which  I  believe  can  be  met  at  the 
present  time  by  any  manufacturer  at  reasonable  cost.  The 
suggestions  are  given  not  so  much  to  make  fixed  specifications, 
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but  rather  to  bring  out  points  not  often  realized.  It  is  to  be 
hoped  that  it  will  not  be  long  before  insulators  are  designed 
with  due  regard  to  the  dielectric  circuit,  and  that  porcelain  is 
either  superseded  or  becomes  a  uniform  dependable  product. 

J.  A.  Sandford,  Jr.:  In  looking  over  these  specifications 
with  the  criticisms,  from  the  insulator  manufacturers'  stand- 
point, I  would  like  to  have  you  look  at  them  as  much  as  possible 
from  the  standpoint  of  specifications  written  to  cover  the  require- 
ments which  are  necessary  in  order  to  produce  a  good  quality 
of  insulator,  and  not  so  much  a  specification  to  cover  the  design 
of  the  insulator  which  the  purchaser  may  choose.  Undoubtedly, 
a  set  of  specifications  which  the  purchasing  engineer  writes  must 
include  paragraphs  covering  certain  points  that  will  govern  the 
design,  or  performance  tests,  you  might  say,  of  the  insulator 
completely  made  up. 

It  would  seem  to  me  as  though,  if  it  were  possible  to  do  so, 
it  would  be  well  if  all  specifications  for  tests  that  are  required 
to  demonstrate  the  performance  of  an  insulator  could  be  written 
up  and  isolated  from  the  tests  that  are  required  to  demonstrate 
the  quality  of  the  porcelain  in  the  insulator  to  show  that  good 
insulators  are  being  shipped.  The  reason  I  say  that  is  this: 
After  the  insulator  has  been  decided  upon  and  the  contract  has 
been  signed,  the  greatest  thing  that  has  to  be  contended  with, 
very  often,  is  the  judgment  of  the  man  sent  to  the  factory  to 
select  the  individual  units  for  insulators  out  of  the  lot  put  beifore 
him.  For  this  reason  it  is  advisable  to  have  as  few  points  as 
possible  left  to  be  decided  by  the  inspector.  If  the  purchaser's 
engineer  decides  all  points  concerning  design,  it  will  only  be 
necessary  for  the  inspector  to  see  that  good  material  is  furnished; 
that  it  is  according  to  drawing,  and  that  the  proper  tests  are 
applied  to  all  units.  It  seems  to  me  it  would  be  more  satis- 
factory and  to  the  advantage  of  all  concerned  if  these  things 
could  be  separated,  but  that  is  hardly  possible.  At  the  same 
time,  from  the  factory  standpoint,  that  is  the  way  the  specifica- 
tion should  be  looked  at;  i.  «.,  simply  from  the  standpoint  of 
producing  good  insulators  of  the  design  already  contracted  for. 

Referring  to  the  paragraph  headed  *'  Corona  "  in  Mr.  Peek's 
specifications,  I  believe  I  am  perfectly  safe  in  sa3dng  that  there 
is  not  a  single  type  of  suspension  insulator  on  the  market  to-day 
that  would  not  show  corona  around  the  metal  stud  cemented 
into  the  under  side  of  the  unit,  if  tested  at  1.3  line  voltage, 
assimiing  this  to  be  110,000  and  the  number  of  units  per  insu- 
lator as  seven.  I  am  pretty  sure  that  there  are  a  good  many 
110,000- volt  insulators  in  use  to-day  that  will  show  corona 
at  about  65,000  volts.  To  be  sure,  it  is  very  slight,  but  at  the 
same  time  it  is  visible,  and  there  again  comes  up  the  question 
of  judgment  of  the  man  who  has  these  things  to  decide,  as  to 
how  much  he  is  going  to  allow.  If  you  leave  the  wording  in 
the  specification  so  that  it  will  read  "  there  must  be  absolutely 
no  sign  of  corona,"  prospective  purchasers  must  buy  a  different 
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insulator  from  that  which  has  been  used  for  like  conditions  in 
the  past  with  seemingly  satisfactory  restilts. 

Referring  to  the  pin  type  of  insulators,  there  is  one  thing 
which  might  have  been  added  which  would  have  read  some- 
thing like  this:  "  Inno  case  is  any  porcelain  part  to  be  tested  at 
less  than  70,000  volts."  As  a  matter  of  fact,  we  never  test 
any  porcelain  part  ourselves  at  less  than  the  voltage  that  the 
part  is  designed  to  stand  when  assembled  as  a  part  of  a  complete 
insulator,  and  we  think  that  is  a  safe  practise. 

Now  referring  further  to  the  pin  type  specifications,  mechan- 
ical test,  that  is  stated  as  a  definite  figiu'e  at  2000  lb.  I  think 
that  this  value  would  apply  ali  right  in  all  cases  for  insulators 
of  25,000  volts  or  higher.  I  think  possibly,  however,  that  this 
value  should  have  been  left  blank,  because  in  the  case  of  some 
of  the  smaller  insulators,  say  10,000  volts,  or  11,000  volts,  it 
might  be  found  possible  on  some  designs  to  approach  that 
figure,  but  it  is  my  experience  in  90  per  cent  of  the  cases  where 
we  are  called  upon  to  apply  a  certain  specification  test  to  the 
pin  type  insulator  as  indicated,  that  the  test  usually  resolves 
itself  down  into  a  test  of  the  pin,  because  the  pins  generally  bend 
at  a  considerably  less  load  than  2000  lb.,  and  particularly  on  a 
60,000-volt  insulator  of  the  largest  size. 

Referring  to  the  paragraphs  headed  "  Minimum  Distance 
from  Insulator  to  Groimded  Objects,"  and  "  Number  of  In- 
sulators to  be  Tested  at  One  Time,"  and  "  Factor  of  Safety — 
Dry,"  etc.;  when  Mr.  Thomas  received  the  first  draft  of  the 
specifications  I  submitted  to  him,  he  asked  me  several  questions, 
and  these  paragraphs  might  be  considered  as  answers  to  those 
questions.  In  other  words,  they  are  the  view  that  the  porcelain 
manufacturers  take  of  these  subjects,  particularly  from  the 
point  of  producing  good  quality  insulators,  not  that  some  of 
these  points  might  and  ought  to  be  included  in  the  performance 
test,  preliminary  to  the  placing  of  the  contract. 

Under  the  heading  of  "  Qu^ity  of  Water  for  Rain  Test  Pur- 
poses," the  first  time  I  encoimtered  this  difficulty  was  when 
we  were  put  to  it  to  make  a  certain  suspension  type  insulator 
come  up  to  certain  requirements  imder  the  rain  test,  and  I  could 
not  do  it  with  the  equipment  I  had,  using  everything  as  it  was 
installed.  We  had  our  water  from  artesian  wells,  water  coming 
up  through  several  layers  of  gas  beds,  coal  fields,  etc.,  so  in  order 
to  take  up  the  problem  and  solve  it  we  took  the  identical  in- 
sulator disks  tested  in  our  own  factory,  the  spraying  outfit  and 
everything  that  was  movable,  and  transported  them  to  Pitts- 
field,  Mass.,  and  we  made  another  test  there.  The  results 
were  rather  startling.  We  then  took  the  specific  resistance 
of  the  water;  the  first  (Lisbon)  water  was  880  ohms,  and  the 
second  (Pittsfield)  water  was  7000  ohms.  Later  we  installed 
in  our  factory  for  this  kind  of  work  a  little  half -inch  steam  trap 
and  tank  to  collect  water  from  our  heater  system,  and  let 
the  water  cool  down  and  used  this  water  for   similar  testing 
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purposes.  The  specific  resistance  of  this  water  was  30,000  ohms. 
I  have  the  apparatus  so  arranged  that  I  can  tiuTi  one  valve  for 
one  water  and  another  valve  for  the  other  water,  and  the 
difference  will  run  as  high  as  40  per  cent. 

I  think  the  specification  that  has  been  written  by  Mr.  Thomas, 
with  those  points  left  blank,so  far  as  the  actual  value  is  concerned, 
is  a  good  one,  and  as  I  stated  here,  in  my  report,  this  method  of 
obtaining  a  good  water  may  be  put  in  practise.  I  think  this 
apparatus  could  very  likely  be  installed  at  any  place  where  the 
test  was  likely  to  be  made. 

Referring  to  the  dew  test,  from  our  standpoint  it  does  not 
show  anything  in  the  performance  of  the  insulator  over  what 
can  be  obtained  in  other  ways.  In  the  winter  time  I  believe 
we  can  get  a  better  test  than  any  dew  test  would  be  by  simply 
hanging  the  insulators  out  of  doors  and  bringing  them  indoors 
and  applying  the  test  immediately.  In  this  way  you  get  a 
coating  of  moisture  over  the  insulator  which  is  better  than 
that  put  on  by  steam  or  any  other  method. 

The  question  of  the  capacity  of  the  equipment  is  a  thing 
which  seems  to  be  more  or  less  a  bone  of  contention.  It  is  often- 
times specified,  but  often  winds  up,  and  probably  has  to  wind 
up,  by  the  engineer  accepting  what  he  finds  at  the  manufacturer's 
plant  at  which  it  seems  most  advantageous  to  him  to  place 
his  order.  I  think  in  nearly  every  case  all  the  insulator  manu- 
facturers have  a  good  equipment,  and  it  seems  to  me  that  so 
far  as  any  routine  factory  tests  are  concerned,  that  it  need  not 
be  thought  of  in  the  specification.  If  there  are  any  special 
performance  tests  where  very  careful  note  is  to  be  taken  of 
small  variations  in  the  performance  of  the  insulator,  then  it 
is  well  to  specify  the  various  conditions,  and  among  others  the 
capacity  of  the  eqtiipment;  but  generally  tests  of  that  kind  are 
made  in  a  laboratory  which  has  at  its  disposal  various  capacities 
of  equipment  and  therefore  such  specifications  may  be  ad- 
missible. 

Now  the  method  of  controlling  the  voltage  is  subject  to  about 
the  same  limitations;  that  is,  the  potentiometer  method,  I 
believe,  is  good,  but  you  realize  the  manufacturer  is  cutting 
down  his  costs  just  as  far  as  he  can  for  the  factory  tests  and  the 
potentiometer  method  of  making  the  test  will  be  very  expensive. 
Take  for  instance  a  porcelain  plant.  Either  one  of  our  plants 
is  probably  as  large  as  any  other  one  plant  in  the  business,  and 
even  at  that  we  only  require  about  an  average  of  80  h.p.  to  drive 
the  whole  factory.  If  you  are  going  to  lodA  up  a  considerable 
per  cent  of  that  by  using  up  power  in  water  resistance,  the 
people  who  are  paying  the  bills  will  object,  and  I  can  see  no  reason 
why  that  should  be  necessary,  except,  again,  in  cases  where  per- 
formance tests  are  being  made  and  a  careful  note  has  to  be  made 
of  small  differences,  in  which  case  it  looks  to  me  like  a  laboratory 
proposition  and  should  be  so  treated. 

You  can  see  I  am  looking  at  this  purely  from  the  standpoint 
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of  the  quality  of  the  porcelain;  therefore  the  grounding  of  one 
end  or  the  middle  of  the  test  circuit  goes  along  the  same  line 
except  that  for  convenience  it  is  very  much  easier  for  us  to  use 
the  middle  point  grounded,  on  account  of  the  fact  that  we  have 
only  to  insulate  through  the  buildings  at  half  potential.  We 
were  compelled  to  put  up  sprinkler  systems  everywhere,  and  the 
less  voltage  we  have  to  insulate  in  the  factory  the  better  off  we 
are. 

In  regard  to  the  paragraph  concerning  the  breakdown  of  the 
insulator.  Generally  the  breaking  down  of  an  insulator  means 
the  total  destruction  of  that  insulator,  and  if  it  would  be  con- 
sistent, I  think  it  would  be  well  to  have  that  so  understood. 

The  corona  discharge,  etc.,  is  often  specified,  and  with  refer- 
ence to  what  Mr.  Peek  says,  that  there  shall  be  "  absolutely 
no  corona,"  if  we  make  a  performance  test  at  our  factory,  or  at 
some  other  factory,  or  at  some  neutral  point,  and  along  comes 
an  inspector  and  we  make  another  test,  and  in  his  judgment  the 
above  specification  is  not  fulfilled,  what  is  going  to  be  the 
answer?  It  seems  to  me  the  items  I  have  taken  up  in  that  last 
paragraph  on  page  1469  and  the  paragraph  at  the  top  of  page 
1470  should  be  wholly  and  finally  decided  before  the  contract  is 
signed  and  then  remain  k&  decided,  because  you  cannot  change 
the  insulator  afterwards.  I  have  seen  strings  of  insulators 
sometimes,  among  which,  right  along  in  the  same  string,  there 
will  be  one  unit  absolutely  dark  between  two  units  that  show 
considerable  corona. 

As  to  the  test  for  the  puncture  strength  of  the  insulator,  such 
test  to  be  made  under  oil,  I  think  this  test  is  a  very  good  thing. 
I  cannot  quite  agree  with  Mr.  Thomas,  however,  as  to  the  method 
of  raising  the  voltage  by  a  thousand  volts  a  minute,  or  whatever 
other  time  might  be  adopted,  because  ordinarily  the  factory 
equipment  at  an  insulator  factory  is  not  calibrated,  the  low- 
voltage  meters  which  they  have  are  not  calibrated  so  that  they 
read  directly  in  kilo  volts  on  the  high-tension  side.  I  rather  like 
the  method  which  I  suggest  here  in  the  last  part  of  this  section. 
I  used  the  old  method  myself  at  one  time,  but  since  then  I  have 
had  a  considerable  amount  of  experience  in  applying  the  voltage 
in  this  way  and  I  may  say  it  works  out  very  well  indeed  and  will 
show  up  results  as  well  as  or  better  than  any  other  method  I 
ever  tried  for  testing  under  oil. 

As  to  the  last  paragraph,  there  is  not  anything  better  that 
I  know  of  that  can  be  said  on  that  than  to  look  at  Mr.  Nicholson's 
paper  for  this  part  of  the  discussion.  First  of  all  it  is  a  design 
test,  and  it  is  difficult  to  apply  because  ordinarily  the  mechanical 
testing  equipment  in  the  factory  may  or  may  not  be  anywhere 
near  the  electrical  equipment,  and  it  means  there  must  be  pro- 
vided special  arrangements,  etc.,  for  rigging  it  up.  But  there  are 
one  or  two  things  which  Mr.  Nicholson  says  here,  which,  if 
they  are  substantiated  by  more  tests  later,  it  would  seem  to 
me  would  justify  by  good  proof  our  taking  the  stand  that  I  have 
indicated  in  this  last  paragraph,  viz.,  in  diminating  such  a  test,     j 
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because  you  will  see  in  Mr.  Nicholson's  discussion  that  he  says: 
"  In  our  effort  to  explain  these  results,  mechanical  loads  were 
applied  to  insulator  disks  and  then  removed,  voltage  being 
applied  after  the  removal  of  the  loads.  In  other  words,  the 
electrical  test  followed  the  mechanical  test.  Almost  identical 
results  were  obtained  by  this  method  as  in  the  simultaneous 
electrical  and  mechanical  tests.  This  fact  seems  to  indicate 
that  pimcture  occurs  by  reason  of  injury  to  the  porcelain  by  the 
mechanical  load,  rather  than  by  a  combination  of  mechanical 
and  electrical  stresses  acting  simultaneously."  If  that  proved 
true,  in  more  extended  experiments — ^we  have  not  done  much 
on  it  ourselves — I  see  no  reason  why  then  we  should  not  apply 
a  routine  test  to  all  units,  which  we  do  now.  We  may  have  to 
raise  that  a  little  and  then  apply  our  flash-over  test  with  a 
definite  time-limit  rather  than  an  instantaneous  test,  I  think,  and 
accomplish  just  as  good  results;  in  fact  better,  I  believe,  than  by 
trying  to  determine  the  result  from  using  the  simultaneous  test. 

Further  on  Mr.  Nicholson  says,  "  Moreover,  it  is  noteworthy 
that  usually  an  insulator  during  or  after  a  mechanical  load 
which  caused  puncture,  would  withstand  flash-over  voltage  for 
several  seconds'  time  before  puncture  occurred.  These  observa- 
tions indicate  that  mechanical  loads  insufficient  to  actually 
crack  the  porcelain  may  overstrain  it  to  a  point  where  its  di- 
electric strength  is  greatly  reduced."  I  do  not  know,  but  I 
think  that  if  all  the  insulators  that  were  put  to  that  test  were  of 
imiform  vitrification,  this  difference  would  not  exist;  in  other 
words,  if  the  insulator  was  damaged  at  all,  it  was  pimctured 
practically  instantaneously  with  the  final  voltage.  It  seems  to 
me  if  that  condition  is  going  to  exist,  the  thing  I  spoke  of  a  short 
time  ago  should  be  introduced  and  I  have  written  this  down  as  an 
addition  to  that  statement:  "  If  this  condition  is  found  to  prevail 
after  more  numerous  data  have  shown  such  to  be  the  case,  the 
final  electrical  tests  after  the  mechanical  pull  should  be  for  a 
definite  length  of  time,  not  for  the  so-called  *  instantaneous  ' 
application." 

I  think  if  that  condition  exists,  a  test,  perhaps  one  of  two 
minutes,or  whatever  may  be  thought  to  be  a  proper  time  element, 
would  weed  out  any  such  cases. 

What  we  would  like  to  see  would  be  a  set  of  specifications  drawn 
up  that  will  not  put  any  more  fussy  testing  and  experimental 
work  than  necessary  up  to  the  manufacturer  after  the  contract  is 
signed.  It  seems  to  me  all  these  things  should  be  determined 
beforehand  and  that  afterwards  all  there  is  to  be  done  is  to  be 
sure  that  each  and  every  insulator  and  each  and  every  piece  of 
porcelain  of  a  completed  insulator,  in  the  case  of  the  pin  type 
insulator,  is  perfect  or  as  nearly  perfect  as  we  can  make  it. 
It  makes  it  easier  for  the  inspector,  the  manufacturer  and  the 
purchaser,  and  the  purchaser  will  get  just  as  good  material  in 
the  end. 

P.  H.  Thomas:  I  will  take  a  few  minutes  to  call  attention 
to  certain  parts  of  the  third  specification,  the  one  drawn  up  to 
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embody  what  seemed  to  be  the  best  and  most  practical  features 
of  the  specifications  which  you  have  just  heard  discussed. 

On  page  1472,  section  6,  I  have  suggested  a  factor  of  safety 
for  testing  on  metal  parts.  I  do  not  l^lieve  such  a  requirement 
has  been  usually  made,  and  I  do  not  suppose  it  is  necessary  to 
put  very  much  stress  upon  it,  but  it  gives  a  criterion  for  the 
guidance  of  the  man  who  is  designing  the  mechanical  parts. 

On  page  1473,  paragraph  9,  reference  is  made  to  the  absorption 
of  moisture  by  the  porcelain.  This  is  taken  from  Mr.  Peek's 
specification,  and  is,  I  think,  a  very  important  feature.  Per- 
sonally I  am  inclined  to  believe  that  the  amount  of  absorption 
is  a  very  good  measure  of  the  density  and  quality  of  the  porce- 
lain. I  woidd  call  the  attention  particularly  of  the  manufacturers 
to  the  question  as  to  whether  they  feel  that  this  value  given  in 
paragraph  9  can  be  reasonably  and  reliably  attained.  Mr. 
Peek  gives  an  absorption  of  not  more  than  0.25  per  cent,  and 
Mr.  Sandford,  in  his  case,  gives  0.1  of  1  per  cent,  with  a  differ- 
ently worded  method  of  making  the  test.  I  have  put  in  Mr. 
Sandford 's  figures  in  the  specification,  and  ask  that  this  point 
be  discussed.  One-tenth  of  1  per  cent  may  be  too  severe  a 
requirement. 

At  the  bottom  of  the  page  you  will  notice  that  I  have  made 
a  careful  distinction  between  routine  tests  and  design  tests. 
This  is  in  line  with  the  request  of  Mr.  Sandford  that  when  we  have 
once  decided  on  the  design  then  it  remains  to  make  tests  on 
individual  units  which  shall  insure  that  the  insulators  reasonably 
correspond  to  these  designs.  All  that  is  required  for  the  routine 
tests  is  that  once  in  a  while  the  method  used  for  the  routine  test 
be  calibrated  by  the  prescribed  method  of  making  tests,  and  any 
reasonable  method  of  checking  up  the  voltage  as  shown  on  the 
test  can  be  tised.  That  gives  the  manufacturers  an  opportunity 
of  using  any  apparatus  which  they  may  have  available,  provided 
it  is  reasonably  good,  for  handling  their  factory  output. 

Paragraph  16,  with  relation  to  frequency,  is  a  compromise. 
Ideally,  we  should  test  every  insulator  on  the  frequency  at  which 
it  is  to  be  operated,  but  it  is  a  hardship  on  the  manufacturers 
to  require  testing  at  the  various  commercial  frequencies.  I  am 
inclined  to  think  that  in  ordinary  cases  a  60-cycle  test  would 
show  pretty  nearly  the  same  results  as  100-cycle  or  125-cycle 
test,  up  to  40,000  volts,  provided  the  other  conditions  were  as 
specified.  The  variations  between  frequencies  in  testing  are 
due  to  many  other  things  than  differences  in  frequency,  such  as 
differences  in  the  characteristics  of  transformers,  the  character- 
istics of  the  generators  and  the  methods  of  the  application  of 
a  voltage. 

The  next  paragraph,  on  **  what  constitutes  a  breakdown,"  is 
perhaps  the  first  definite  injection  of  such  matter  into  a  specifi- 
cation.   This  paragraph  comes  from  Mr.  Sandford *s  specification. 

The  oil  tests,  it  seems  to  me,  are  absolutely  necessary  in 
important  lines.  How  large  a  percentage  over  the  flash-over 
voltage  shall  be  required  for  the  test  under  oil  for  the  puncture 
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test  is  open  to  debate.     It  is  given  as  125  per  cent  in  this  speci- 
fication. 

As  to  paragraph  22,  in  reference  to  mechanical  tests  on  pin 
insulators.  I  would  like  to  read  the  last  sentence.  This  is  a 
novel  statement,  and  whether  it  will  be  approved  or  not  I  do  not 
know.  It  is  as  follows:  **  In  case  of  failure  the  question  as  to 
whether  the  insulator  or  the  pin  is  at  fault  shall  be  determined 
by  testing  again  with  a  solid  steel  pin  turned  from  a  piece  of 
round  steel  of  such  dimensions  that  this  piece  of  steel  acting  as 
a  pin  for  the  insidator  will  not  bend  under  the  above-mentioned 
load.*'  In  my  opinion  it  is  not  sufficient  to  put  in  a  perfectly 
good  pin  to  find  whether  the  insulator  will  stand  the  overload, 
but  the  pin  which  is  used  should  be  one  which  will  not  bend  or 
spring  in  service,  so  it  seems  to  me  worth  while  to  make  the  test  on 
the  design  with  the  pin  you  are  going  to  use. 

Paragraph  25,  and  other  paragraphs  in  this  group,  refer  to 
routine  testing.  The  question  is  as  to  how  long  these  tests 
shall  be  continued,  and  that  is  one  of  very  considerable  practical 
importance.  When  you  are  making  a  test  of  one  thousand 
insulators,  it  makes  a  difference  whether  every  one  must  be  tested 
one  minute  or  five  minutes. 

I  would  call  on  Mr.  Nicholson  to  read  the  contribution  which 
he  has  made,  which  contribution  has  been  printed,  and  which 
describes  some  of  his  tests  on  a  simultaneous  application  of  elec- 
trical and  mechanical  stresses.  I  consider  this  a  very  important 
matter,  and  I  woidd  like  to  have  it  called  to  your  attention  at 
this  particular  point  in  the  consideration  of  these  specifications. 

L.  C.  Nicholson:  A  series  of  tests,  not  yet  completed,  has 
been  undertaken  to  determine  the  performance  of  stispension 
type  insulators  when  subjected  simultaneously  to  electrical  and 
mechanical  stress. 

We  find  that  mechanical  loads  do  not  affect  the  flash-over 
value  of  the  insulators,  but  do  affect  the  puncture  or  dielectric 
strength.  A  load  much  less  than  that  necessary  to  cause  appar- 
ent mechanical  failure  induces  ptmcture  at  dry  flash-over  voltage. 
Thus,  insulators  having  an  ultimate  mechanical  value  of  9000 
to  12,000  lb.  (4080  to  5440  kg.)  will  puncture  when  subjected 
to  from  4000  to  9000  lb.  (1815  to  4080  kg.)  pull  and  dry  flash- 
over  voltage  simultaneously. 

Mechanical  load  was  applied  by  means  of  an  overhead  hand 
crane,  three  insulator  disks  in  series  being  anchored  to  floor. 
Voltage  was  obtained  from  a  50-kw.,  25-cycle,  250,000-volt 
testing  transformer,  regulation  being  effected  by  a  water  rheostat. 

Expressed  in  per  cent  of  the  number  of  disks  tested  under 
ascending  mechanical  loads  we  find  that: 

5  per  cent  puncture  at  4000  lb.  (1815  kg.)  pull. 
'8    «        «  «  «  or  below  5000  lb.  (2270  kg.)puU. 

22     "         «  "  «     a       «     6000  lb.  (2720  kg.)pull. 

50    '^        «  «  «     «       «    7000  lb.  (3175  kg.)  « 

90    «        «  "  u     u      a    8000  lb.  (3630  kg.)  « 

100    "        «  «  a     u      a    9000  lb.  (4080  kg.)  « 
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Several  types  of  insulators  from  several  different  manufacturers 
were  experimented  with.  No  marked  difference  between  the 
different  kinds  was  found  to  exist,  with  perhaps  one  exception. 
This  was  a  "  strain  type  "  insulator  with  extra  heavy  metal 
parts.  Only  a  few  of  these  were  available,  but  none  of  those 
tested  punctured  at  a  load  of  less  than  8000  lb.  (3630  kg.),  and 
some  of  them  withstood  10,000  lb.  (4540  kg.)  successfully.  The 
ultimate  strength  of  this  insulator  was  from  10,000  to  12,000  lb. 
(4540  to  5440  kg.). 

In  our  effort  to  explain  these  results,  mechanical  loads  were 
applied  to  insulator  disks  and  then  removed,  voltage  being 
applied  after  the  removal  of  the  loads.  In  other  words,  the  elec- 
trical test  followed  the  mechanical  test.  Almost  identical  results 
were  obtained  by  this  method  as  in  the  simultaneous  electrical 
and  mechanical  tests.  This  fact  seems  to  indicate  that  puncture 
occurs  by  reason  of  injury  to  the  porcelain  by  the  mechanical 
load,  rather  than  by  a  combination  of  mechanical  and  electrical 
stresses  acting  simultaneously. 

Usually,  though  not  always,  puncture  occurred  previous  to 
any  audible  noise  from  the  insulator,  such  as  woiild  indicate 
crushing  or  cracking  of  the  porcelain.  Moreover,  it  is  note- 
worthy that  usually  an  insulator  during  or  after  a  mechanical 
load  which  caused  puncture  would  withstand  flash-over  voltage 
for  several  seconds'  time  before  puncture  occurred.  These 
observations  indicate  that  mechanical  loads  insufficient  to 
actually  crack  the  porcelain  may  overstrain  it  to  a  point  where 
its  dielectric  strength  is  greatly  reduced. 

We  beleve  the  shape  of  metal  parts,  as  well  as  the  size,  shape 
and  distribution  of  grooves  in  the  porcelain,  are  important  factors 
in  this  matter.  Undoubtedly  other  factors  and  effects  are  present, 
and  the  subject  is  one  deserving  careful  study  and  investigation. 

As  to  the  theory  of  what  happens  I  am  not  able  to  say.  I 
have  simply  pointed  out  in  my  discussion  the  results  which  are 
obtained. 

There  is  not  much  audible  noise.  In  many  cases  the  insulator 
will  hold  the  voltage  for  30  seconds  before  it  punctures,  indicating 
that  the  material  may  have  been  strained,  although  not  actually 
cracked.  This  factor  varies  with  different  shapes  of  hardware  and 
different  shapes  of  porcelain,  depth  of  grooves,  distribution  of 
grooves  and  all  that  sort  of  thing.  I  have  not  begun  to  find 
out  the  nature  or  extent  of  the  phenomenon. 

P.  H.  Thomas:  You  can  see  this  work  of  Mr.  Nicholson  was 
a  serious  matter.  There  are  in  service  a  great  many  strain 
insulators  of  the  type  tested,  and  much  difficulty  is  experienced 
with  them  in  the  respect  indicated.  Our  specifications  ought  to 
protect  us  against  it.  At  the  present  time  we  do  not  have  data 
enough  to  conclude  just  the  significance  of  this  feature  which 
Mr.  Nicholson  points  out.  It  may  be  that  further  experiments 
will  show  that  the  weakening  of  the  dielectric  by  mechanical 
stress  is  an  extremely  common  occurrence. 
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We  are  especially  interested  in  what  the  cause  of  the  trouble 
is  and  what  is  the  nature  of  the  action.  It  is  a  speculation  at 
the  present  time,  but  the  thought  must  occur  to  us  that  there  is 
a  mechanical  deformation  of  the  parts  which  are  under  a  strain 
approximating  the  elastic  limit.  We  have  metal  parts,  porcelain 
parts,  and  cement  parts,  and  under  the  strain  there  must  be  a 
certain  amount  of  mechanical  change  of  shape.  Porcelain  is 
a  brittle  substance  and  it  is  possible  there  are  tension  strains 
developed  in  it  which  will  cause  not  a  clear  crack,  but  an  opening 
up  of  the  material  which  allows  a  little  penetration  of  charge. 
This  spectdation  is  supported  by  one  of  the  comments  of  Mr. 
Nicholson  that  there  was  one  set  of  disks  which  did  not  act  as 
badly  as  the  others  and  that  this  set  had  excessively  heavy 
mechanical  parts.  If  it  is  true  that  distortion  is  the  cause  of 
the  difficulty,  it  can  be  corrected. 

I  think  we  have  done  all  we  can  in  these  specifications  to 
forestall  the  effect  of  mechanical  stress  in  calling  for  the  making 
of  the  electrical  routine  test  after  the  mechanical  test.  Mr.  Nichol- 
son's study  as  far  as  it  goes,  shows  the  test  is  no  more  severe 
made  at  the  time  of  the  mechanical  test  than  it  is  afterwards. 

I  hope  that  all  engineers  interested  will  make  full  criticism  of 
these  proposed  specifications. 

H.  W.  Crozier:  What  has  become  of  the  idea  that  each  imit 
in  a  string  of  insulators  should  be  able  to  stand  the  line  potential? 
That  idea  was  advanced  some  time  ago,  that  is,  that  each  unit 
should  be  able  to  stand,  as  a  pimcture  test,  the  line  voltage. 

I  want  to  add  a  word  of  caution  in  regard  to  the  mechanical 
tests  proposed.  Mr.  Nicholson's  discussion  particularly  brings  this 
out.  In  a  good  deal  of  work  which  we  did,  samples  of  the  insula- 
tors were  tested  to  destruction.  In  our  practical  insulator  work 
we  are  not  testing  samples,  but  we  are  testing  actual  insulators, 
and  we  must  take  care  we  do  not  do  things  to  the  insulator  in 
our  testing  which  will  reduce  their  efficiency.  We  may  take 
strain  insulators  capable  of  standing  15,000  lb.,  and  we  can 
easily  realize  from  Mr.  Nicholson'sdiscussion  that  if  we  overload 
these  insulators  we  greatly  reduce  their  resistance  to  electrical 
puncture.  If  we  take  all  the  insulators  of  a  line  and  apply 
a  severe  mechanical  test  to  them,  we  have  reduced  the  resist- 
ance to  puncture  of  the  whole  number  of  insulators  by  a  margin 
of  forty  or  fifty  per  cent.  We  will  have  to  test  a  lot  of  insulators 
mechanically  to  provide  for  strain  insulators,  but  for  the  other 
instdators,  which  are  going  to  act  as  supporting  insulators  and 
throughout  their  life  may  not  be  called  upon  to  support  more 
than  a  few  hundred  pounds,  it  would  be  desirable  to  omit  the 
mechanical  test  altogether. 

P.  H.  Thomas:  Has  Mr.  Peek,  or  Mr.  Sandford,  anything  to 
say  about  making  each  unit  in  the  string  stand  the  line  potential? 
That  would  seem  obviously  impracticable  when  you  have  high 
voltages.  It  might  be  practicable  in  some  cases,  but  if  you  have 
seven  or  eight  insulators  in  a  string,  it  would  be  impracticable, 
in  my  opinion.  ^  j 
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J.  A.  Sandfordi  Jr.:  If  Mr.  Crozier  adds  under  oil,  there  is  no 
instdator  made  today  that  will  not  stand  the  line  potential 
under  oil. 

H.  Koganei:  With  regard  to  the  oil  test  of  insulators,  I 
made  a  series  of  tests  and  observed  some  phenomena  which  are 
not  yet  well  explained.  The  insulators  tested  were  all  of  pin  type 
for  working  voltages  of  15,000,  25,000  and  35,000  volts.  At  first 
I  made  the  arc-over  test  with  three  times  working  voltages  for 
five  minutes.  Then  selecting  ten  insulators  from  each  size 
which  arced  over  without  puncturing,  I  immersed  them  in  oil 
to  make  the  ptmcture  tests.  The'  puncture  voltages  varied 
from  80  to  90  per  cent  of  the  arc-over  voltages. 

It  seems  quite  reasonable  to  show  lower  puncture  voltage  in 
oil  due  to  the  concentration  of  the  dielectric  field  near  the 
terminals.  To  eliminate  this  effect  of  the  field  distribution, 
I  selected  another  lot  of  ten  insulators  from  each  size  and  pasted 
tin  foil  on  the  top  and  the  pin  hole.  Even  in  this  case  they  were 
all  punctured  at  the  same  voltages  near  the  center  of  the  elec- 
trodes and  none  at  the  edges. 

The  voltage  was  measured  by  the  needle  gap,  which  checked 
very  well  with  the  voltage  calculated  from  the  turn  ratio. 
The  voltage  was  increased  at  the  rate  of  1000  volts  per  minute. 

The  flux  distribution  in  the  latter  case,  near  the  puncturing 
point,  may  be  considered  to  be  more  uniform  than  in  the  arc- 
over  test.  Nevertheless,  the  insulators  were  punctured  in  the 
oil  at  least  10  to  20  per  cent  lower  voltage  than  they  will  puncture 
in  the  air.  Unfortimately,  these  tests  were  made  just  before  I 
started  from  Japan  and  I  did  not  have  enough  time  to  get  any 
further  result.    The  insulators  were  made  in  Japan. 

F.  W.  Peek,  Jr.:  The  suspension  insulator  as  a  rule  does  not 
act  in  that  way  tuider  (jil.  The  only  explanation  would  be  some 
local  concentration  of  flux  due  to  the  oil,  and  with  the  suspension 
type,  the  breakdown  under  oil  always  takes  place  between  pin 
and  cap  where  the  oil  can  in  no  appreciable  way  affect  the  flux 
distribution.  The  flux  distribution  would  be  affected  in  the 
pin  type  insulator.  I  do  not  think  the  oil  has  any  peculiar 
effect. 

M.  T.  Crawford:  Mr.  Sandford  recommends  the  wet  flash- 
over  voltage  test  for  pin  type  insulators  to  be  not  less  than  175 
per  cent  of  the  operating  voltage.  My  experience  has  been 
that  not  less  than  200  per  cent  normal  voltage  is  a  better  mini- 
mum, or  possibly  225  per  cent  as  recommended  by  Mr.  Peek. 
I  have  also  found  it  to  advantage  to  have  each  insulator  marked 
with  an  identifying  stamp  by  the  inspector,  so  that  none  are 
skipped  in  the  test  by  mistake  dtiring  a  rush  delivery.  On  one 
job  of  over  30,000  insulators  tested  in  this  way  to  over  200 
per  cent  normal  voltage.  There  have  been  practically  no 
failures  in  four  years'  service,  whereas  another  job  with  a  less 
rigid  test  has  given  a  considerable  humber  of  failures,  although 
they  have  identically  the  same  design  and  are  used  under  the 
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same  operating  conditions.  In  this  case  the  greater  cost  of  the 
insulators  tested  with  the  higher  presstire  was  more  than  war- 
ranted. 

P.  H.  Thomas:  In  regard  to  the  propriety  of  omitting  the 
mechanical  test  on  insulators  which  are  not  to  be  used  as  strain 
insulators,  something  may  be  said  both  ways.  In  the  third 
specification,  paragraph  22,  page  1476,  a  blank  is  left  for  the 
value  of  the  pull  test.  If  it  is  desired,  insulators  can  be  made  in 
two  classes,  one  to  receive  a  test  commensurate  with  the  ordinary 
strain  of  the  line  insulator,  and  the  other  for  the  high  strain 
of  the  strain  insulators;  since  by  the  breaking  of  a  conductor  a 
high  mechanical  strain  is  likely  to  be  brought  on  a  suspension 
insulator,  it  seems  to  me  it  would  be,  as  a  matter  of  fact,  and 
of  practical  wisdom,  dangerous  to  try  to  use  a  suspension 
insulator  that  would  not  stand  the  strain  of  a  broken  conductor. 

J.  A.  Sandford,  Jr.:  It  seems  to  me  the  strain  insulator  is 
the  one  to  stand  the  load.  If  there  is  any  damage  done  by  apply- 
ing the  mechanical  stress,  that  is  the  one  to  receive  the  stress, 
and  it  should  not  be  received  by  the  span  insulators. 

L.  C.  Nicholson:  Insulators  intended  for  service  should  not 
be  damaged  by  mechanical  or  other  tests,  but  it  is  evidently 
unwise  to  place  an  insulator  in  service  subject  to  a  certain 
mechanical  load  which  has  not  been  actually  tested  somewhat 
in  excess  of  the  loading  it  will  receive  under  actual  operating 
conditions.  If  there  is  any  question  as  to  the  ability  of  the 
insulator  to  carry  this  load,  two  or  more  insulator  strings  should 
be  used  in  parallel. 

There  has  been  considerable  trouble  with  strain  instilators  on 
transmission  lines.  This  has  been  attributed  by  some  to  too 
high  mechanical  loading,  and  by  others  to  the  self-induction  or 
choke  coil  effect  of  the  conductor  loop  »s  usually  employed  at 
angle  or  dead-end  towers.  No  one  seems  to  have  any  definite 
explanation  of  what  is  responsible  for  strain  insulator  trouble. 
The  mechanical-electrical  tests  cited  show  that  dead-end  insula- 
tors may  be  weakened  electrically  by  mechanical  loading. 
Furthermore,  these  tests  were  of  short  duration,  and  do  not 
tell  us  what  effect  would  come  from  alternate  loading  and 
unloading  over  long  periods  of  time  such  as  occur  in  practise. 

In  addition  to  mechanical  loads,  internal  stresses  of  consider- 
able magnitude  are  induced  by  atmospheric  temperature 
changes.  In  a  paper  by  Mr.  Austin  before  the  National  Electric 
Light  Association,  at  Chicago,  it  was  shown  that  a  stress  of  at 
least  400  lb.  per  sq.  in.  may  be  induced.  Since  this  value  is 
practically  one-half  the  ultimate  strength  of  the  porcelain, 
it  appears  that  medium  mechanical  loading  in  combination 
with  temperature  effects  may  in  time  result  disastrously  to  the 
insulator. 

These  considerations  indicate  that  the  shape  of  suspension 
insulators  may  be  changed  to  advantage — better  to  withstand 
loads  and  temperature  changes.    Are  we  not  making  an  error 
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in  the  construction  of  the  insulator  in  confining  a  small  knob  of 
porcelain  in  a  perfectly  rigid  iron  pocket?  Or,  would  not  some 
substance  other  than  cement,  which  would  be  more  elastic,  be 
better  in  this  respect? 

In  general,  the  points  mentioned  in  the  specifications  under 
discussion  are  good,  but  I  believe  they  do  not  go  far  enough. 
There  are  a  number  of  important  things  about  insulators  which 
we  do  not  know,  and  which  we  appear  perfectly  content  to 
leave  to  the  manufacturers,  without  making  an  effort  to  find 
out  about  them.  The  manufacturers  are  in  general  reliable  and 
honest,  but  have  not  so  far  sufficiently  distinguished  the  tech- 
nique of  insulator  design  from  the  commercial  production  of 
insulators.  Electrical  engineers  are  willing  to  leave  these 
matters  entirely  in  the  hands  of  the  manufacturer,  and  depend 
upon  final  test  and  inspection  to  secure  satisfactory  insulators. 
For  example,  we  never  ask  any  questions  nor  make  any  require- 
ments relating  to  the  composition  of  insulators  we  intend  to 
use.  We  leave  the  entire  ceramics  of  the  matter  absolutely 
in  others'  hands,  and  have  made  no  efforts  to  study  intel- 
ligently the  composition  or  firing  of  the  porcelain.  In  a  matter 
so  important  to  the  electrical  industry,  I  feel  that  the  American 
Institute  of  Electrical  Engineers  or  some  other  body  should 
undertake  to  become  familiar  with  insulator  production,  to 
the  extent  that  specifications  may  be  prepared  covering  not 
only  the  testing,  but  the  composition  and  production  of  insula- 
tors. 

The  point  raised  by  Mr.  Peek  concerning  proper  spacing  of 
units  to  prevent  flash-over  in  cascade,  is  in  my  experience  of 
slight  practical  importance.  With  the  usual  spacing  of  units, 
when  dry  the  string  flashes  over,  but  when  wet  the  units  flash 
over  individually.  Since  the  wet  condition  is  the  practical 
one,  I  fail  to  see  any  advantage  to  be  derived  from  a  close 
application  of  the  theory  based  on  dry  flash-over. 

C.  O.  Mailloux:  I  would  like  to  say  a  few  words  about 
going  into  the  mixing  room  too  early.  I  have  had  some  experience 
in  cases  where  it  was  necessary  for  the  consulting  engineer  to 
decide  whether  there  was  to  be  or  was  not  to  be  a  mixing  room. 
I  have  found  it  to  be  true  in  electrical  engineering,  and  in  all 
other  professions,  that  the  shoemaker  should  stick  to  his  last. 
I  think  it  is  dangerous  for  the  electrical  engineer  who  has  not 
made  a  thorough  study  of  ceramics,  at  least  as  thorough  as  the 
ceramic  expert  himself,  to  go  into  the  mixing  room  and  tell 
the  ceramic  manufacturer  what  to  do.  There  is  a  parallel  case 
in  the  manufacture  of  insulation  for  wires.  I  have  found  that 
in  undertaking  to  tell  the  manufacturer  of  insulation  for  wire, 
how  to  manufacture  and  how  to  apply  the  insulation,  one  was 
liable  to  hamper  the  operation  most  seriously  and  make  dif- 
ficulties which  not  only  tended  to,  and  actually  did,  increase 
the  cost  of  the  output,  but  also  decreased  its  insulating  and 
lasting  qualities.     Hence,  in  my  opinion,  it  is  quite  as  well  to 
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let  the  ceramic  expert  confine  himself  to  that  specialty.  I  do 
not  care  how  strongly  we  insist  on  the  restUts,  but  when  it 
comes  to  the  methods  of  accomplishing  these  results,  I  think 
we  should  leave  to  the  manufacturer  the  widest  possible  latitude. 

Paul  M.  Lincoln:  Concerning  the  quality  of  water  which 
is  recommended  for  making  the  rain  test,  I  have  run  across  a 
good  many  different  kinds  of  water,  and  I  find  there  is  a  tre- 
mendous variation  so  far  as  their  electrical  resistance  goes. 
Some  water  is  a  fairly  good  conductor  and  some  is  a  pretty 
good  insulator.  It  seems  to  me  Mr.  Sandford  is  quite  logical 
in  suggesting  in  his  specifications  that  the  water  which  is  used 
for  rain  tests  in  testing  insulators  shall  be  condensed  steam,  for 
the  reason  that  the  water  which  wets  the  insidator  in  practise 
is  of  the  same  nature,  viz:  rain-water,  and  it  is  practically 
pure.  The  only  opportunity  it  has  for  gathering  up  impurities 
is  in  the  course  of  its  descent  through  the  air,  and  while  it  may 
take  up  a  very  small  percentage  of  impurity  from  the  air  I  do 
not  believe  that  is  sufficient  to  make  its  character  very  different 
from  that  of  the  condensed  steam  which  Mr.  Sandford  suggests. 

Another  point  is  one  in  which  I  cannot  agree  with  Mr.  Sand- 
ford. He  suggests  that  the  connection  of  the  transformer 
which  shall  be  used  for  testing — whether  it  be  grounded  in  the 
middle  or  at  one  end — ^shall  be  at  the  manufacturer's  convenience. 
I  know  from  my  own  experience  that  there  is  a  tremendous 
difference  between  these  two  methods  of  connection.  It  is  on 
account  of  the  disposition  of  the  static  field  around  the  in- 
sulators. 

Insulators,  when  used,  have  the  pins  grounded,  and  I  believe 
the  test  should  be  made  under  the  same  conditions,  as  nearly 
as  possible,  and  I  therefore  believe  the  specification  for  testing 
insulators  should  carry  with  it  the  condition  that  the  pin  of  the 
insulator  shall  be  grounded  during  the  test. 

Percy  H.  Thomas:  We  meet  both  conditions  in  some 
specifications.  The  design  test  is  made  on  the  nearest  approx- 
imation test  to  the  service  conditions,  and  for  the  routine 
factory  output  the  test  conforms  to  the  calibration  of  the  low- 
voltage  voltmeter,  with  the  result  that  we  approximate  the 
actuai  conditions,  and  make  the  output  test  with  the  easier 
apparatus. 

A  Member:  I  would  add  a  little  to  what  Mr.  Maillouxsaid 
about  the  danger  of  going  into  the  mixing  room,  and  I  will 
refer  to  some  experiences  I  was  familiar  with,  in  which  one 
body  of  engineers,  in  making  a  report,  stated  that  they  had  told 
the  manufacturer  not  only  what  to  put  in  the  mixture  for  the 
insulation,  but  how  to  put  the  insulation  on  the  wire  also. 

In  any  consideration  of  the  subject  of  the  composition  of 
mixtures  of  any  kind,  and  their  application,  we  must  realize 
that  improvements  are  being  made  all  the  time  and  that  any 
specific  directions  which  an  electrical  engineer  might  give  on 
this  subject  would  not  hold  for  very  long. 
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Hugh  T.  Wreaks:  Referring  to  the  point  brought  out  by  Mr. 
Sandford  about  the  question  of  packing,  this  seems  to  me  very 
important.  In  specifications  of  many  other  kinds  of  material, 
specific  attention  is  given  to  how  the  material  shotdd  be  packed. 
We  have  had  occasion  to  note  damage  in  shipment  of  insulators, 
and  even  in  cases  where  the  penalty  for  breakage  came  on  the 
manufacturer,  a  good  many  were  damaged  in  shipment. 

Judging  from  experiments  of  Mr.  Nicholson,  it  seems  to  me 
not  uiiikely  that  many  insulators  may  be  strained  in  shipment , 
with  consequent  weakness  developing  in  the  field,  the  fault 
in  this  case  being  due,  not  to  how  insulators  were  manufactured, 
but  to  how  they  were  packed  and  handled  in  shipment. 

E.  E.  F.  Creighton:  The  endeavor  to  standardize  the  tests 
on  insulators  is,  I  think,  a  valuable  move  in  the  right  direction. 
Even  if  the  rules  are  not  adopted,  they  will  have  their  value. 
Although  it  is  impossible  to  get  any  information  at  the  present 
time  on  the  proper  manufacture  of  porcelain  and  therefore  it 
cannot  be  included  in  these  rules,  yet  this  is  one  of  the  most 
important  features  regarding  the  insulators.  Sooner  or  later 
some  one  must  make  a  careful  investigation,  for  the  information 
of  electrical  engineers,  of  the  following  factors: 

First.  The  effects  of  each  of  the  ingredients  that  go  into 
porcelain. 

Second,  The  proper  deposition  and  drying  of  this  material 
without  allowing  flaws  to  be  formed  in  the  body  of  the  material. 

Third,  The  proper  temperature  and  proper  length  of  time 
of  firing  for  proper  vitrification. 

There  is  little  practical  use  in  stating  that  porcelain  should 
be  properly  vitrified  unless  some  specific  directions  can  be  given. 
The  absorption  of  water  by  porcelain  has  been  used  as  a  rough 
test  of  the  degree  of  vitrification  but  the  method  is  unsatis- 
factory in  several  respects,  especially  in  the  fact  that  it  requires 
the  destruction  of  an  insiilator.  From  the  experiments  I  have 
made  I  think  it  is  possible  to  develop  some  other  method  which 
will  be  not  only  more  satisfactory  but  will  leave  the  insulator 
intact  after  testing. 

Along  a  different  line  of  endeavor  some  experiments  made  on 
clays  relating  to  vitrification,  are  apropos  to  the  problems 
of  porcelain  manufacture. 

Our  tests  were  made  on  the  vitrification  of  clays,  using  as  a 
basis  of  vitrification  the  stability  of  the  material  as  a  resistance; 
at  1200  degrees  there  was  very  little  vitrification;  at  1300 
degrees  vitrification  was  fairly  started;  and  at  1350  degrees 
complete  vitrification  took  place,  although  as  high  a  temperature 
as  1500  degrees  was  used  at  times  to  advantage,  for  the  par- 
ticular work  in  hand. 

Another  test  made  in  vitrification  was  relative  to  the  time  of 
heating.  The  material  was  heated  successively  for  periods  of  about 
one-half  hour  and  measurements  were  taken  after  each  heating. 
The  curve  showing  the  general  relations  is  given  in  the  accompany- 
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ing  Fig.  1.  The  degree  of  vitrification  is  represented  by  the 
conductivity.  In  the  curve  the  reciprocal  of  conductivity, 
namely  resistance,  is  given. 
These  curves  of  time  versus 
vitrification  vary  in  form  ac- 
cording to  the  temperature 
used.  Naturally,  the  higher 
the  temperature,  the  more 
rapid  the  vitrification. 

Although  these  tests  were  not 
made  directly  on  porcelain  for 
insulating  purposes,  it  seems 
that  they  would  show  the 
necessity  of  scientific  work 
being  done  in  the  manufacture 
of  porcelain.  Until  this  work 
is  done  results  will  vary  tre- 
mendously. 

In  all  other  forms   of  insu- 
lation the  manufacturer   aims 
never   to    test   the   insidation 
to    anywhere    near    its 
plete  dielectric  strength 
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This  curve  shows  the  relative  degree  of 
vitrification  of  dav  by  the  decrease  in  ohmic 
.....  J  resistance.     The  duration  of  each  fixing  was 

tractive  tests  are  made  on  approxixnately  one-half  hour.  The  last  few 
caTnn1p»c  nf  ma+P»Tial  onH  tVi^  *«*^  showed  almost  constant  resistance, 
samples  OI  material,  ana  tne  which  we  presume  indicates  the  final  condi- 
methods  of  manufacture  are  **®o  ^^  vitrification  for  the  particular  tem- 
I    .    J      .         «  ...  perature  used,  namely,  about  1400  deg.  cent. 

regulated    to    keep    the    pro- 

duct  imiform.  With  the  methods  of  manufacture  fixed,  a 
factor  of  safety  is  taken  on  the  dielectric  strength  of  this 
material  and  is  then  not  strained  above  the  danger  zone.  Finally, 
it  would  seem  that  this  would  be  the  proper  way  to  take  care 
of  the  manufacture  of  porcelain  insulators.  If  the  proper 
chemicals  are  chosen  in  the  first  place  and  the  material  is  properly 
worked  and  properly  fired,  it  will  be  necessary  only  to  test  it 
in  such  a  way  as  to  get  rid  of  evident  flaws.  In  the  past  there 
has  been  turned  out  a  considerable  quantity  of  imperfectly 
vitrified  porcelain,  and  this  is  liable  to  be  damaged  by  the  tests 
which  are  made  to  discover  the  flaws. 

In  testing  for  flaws,  it  has  been  found  that  the  high-frequency 
currents  from  an  oscillating  transformer  produce  a  general 
stress  over  the  whole  surface  of  the  insulator,  each  successive 
spark  traveling  over  new  surface  of  the  porcelain  skirts.  Still 
further,  we  have  found  that  by  limiting  the  potential  of  the 
oscillating  transformer,  the  strain  on  the  porcelain  can  apparently 
be  made  even  less  than  on  the  60-cycle  test.  This  is  due  to  the 
fact  that  the  higher  frequency  favors  the  production  of  creeping 
sparks  along  the  surface.  With  the  same  applied  potential 
the  creeping  spark  will  extend  farther  as  the  frequency  increases. 
At  the  same  time,  the  dielectric  losses  in  the  porcelain  will 
increase  as  the  frequency  increases.     Herein  are  the  relations 
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which  should  be  carefully  studied.    There  is  an  evident  proba- 
bility that  a  high-frequency  test  can  be  made  which  will  not  strain 
good  porcelain  but  which  will  tend  to  develop  and  pick  out 
«;TATir  MArwiwF  accidental  flaws  in  the  material. 

TIM  II  In  the  f  oregomg  criticisms  it  is 

1^      evident    that    we  have  started 

wT^       GAP      r\mmmmmLmmmmiTQm    thC     point    whcrC    thC    ClCC" 

^-^  ^--^  ILLECTR006S         .,*,.-  /— 

tncal  engineering  leaves  on, 
namely  the  point  of  design ;  it  has 
been  stated  many  times  that  an 
insulator  should  be  so  designed 
that  it  will  spark  aroimd  the 
skirts  rather  than  puncture  the 
porcelain. 

Pjq  2  ^  want  to  emphasize  a  point 

brought  out  by  Mr.  Thomas  in 
his  remarks  relative  to  the  frequency  at  which  the  insulator  is 
to  be  used.  Actually,  when  you  consider  the  use  of  the  insulator, 
it  is  never  over-strained  at  60  cycles  or  25  cycles.  It  is  strained 
by  lightning  frequencies  and  by  the  frequencies  that  occur  through 
accidental  arcing  grounds,  and  it  is  for  that  reason  I  think  that 
all  testing  should  be  done  with  high  frequency.  The  failures 
of  insulators,  outside  of  the  effects  of  mechanical  strains, 
can   be  attributed  entirely  to  lightning  and  arcing  groimds. 

Some  potential  tests  made  a  few  years  ago  with  panes  of 
glass  in  air  and  in  oil  seem  to  answer  the  question  of  Mr.  Koganei. 
If  an  ordinary  piece  of  window  glass  in  the  air  with  the  electrodes 
on  the  outside  of  it,  is  subjected  to  potential  stresses,  it  is 
possible  to  raise  the  potential  to  a  higher  point  than  if  it  is 
immersed  in  oil.  We  made  a  series  of  tests  to  determine  the 
reason  for  this  and  came  to  the  conclusion  that  it  was  not  due 
to  the  distribution  of  potential  around  the  electrodes,  but  was  due 
to  the  safety-valve  effect  of  the  corona  streamers  that  run  along 
the  surface  of  the  glass  in  air  but  not  when  it  is  immersed  in 
oil. 

Consider  the  ordinary  conditions  in  a  disruptive  curcuit  as 
shown  in  Fig.  2.  The  potential  is  built  up  by  direct  current 
until  the  gap  is  bridged  and  then  the  oscillation  takes  place  in 
this  circuit.  At  the  instant  of  disruptive  discharge  there  will  be 
seen  on  the  surface  of  the  glass  jars  a  tremendous  ntimber  of 
little  streamers  which  emanate  from  the  metal  covering.  These 
little  streamers  are  the  relief  valves  that  protect  the  glass  from 
puncturing. 

If  the  jars  are  immersed  in  oil  and  filled  with  oil,  the  corona 
streamers  are  almost  entirely  suppressed  and  a  puncture  of  the 
glass  will  take  place  for  a  smaller  gap  setting  than  when  the  glass 
is  stuTounded  by  air.  The  corona  itself  forms  extra  surface, 
adding  to  the  electrostatic  capacity  of  the  jars.  Any  sudden 
local  surge  thus  relieves  itself  by  creating  a  larger  capacity  and 
thus  lessening  the  potential  that  would  otherwise  occur  accord- 
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ing  to  the  fundamental  law  E  =  -^  .  When  the  corona  is  sup- 
pressed there  is  no  relief  valve  and  consequently  a  local  surge 
will  hammer  harder  on  particular  spots  in  the  glass;  the  extra 
strain  will  cause  a  puncture. 

The  indications  of  the  existence  of  local  electrical  surges  over 
the  surfaces  of  condensers  are  not  lacking.  One  might  as  well 
expect  a  bucket  of  water  thrown  into  a  trough  to  produce  no 
splashing  as  to  expect  the  electric  stresses  under  disruptive  dis- 
charge to  gently  and  smoothly  distribute  themselves  immediately 
in  the  condenser.  As  an  experimental  proof  of  the  existence  of 
local  surges  the  following  facts  are  given.  When  only  one  leyden 
jar  on  each  side  is  used  as  shown  in  Fig.  2,  a  much  larger  gap 
can  be  made  to  spark  without  puncturing  the  glass  than  if  many 
are  used  on  each  side.  It  was  determined  that  this  effect  was 
not  due  to  weakness  of  several  of  the  many  jars  used. 

Ralph  D.  Mershon:  It  seems  to  me  that  a  question  that 
has  been  raised  before  should  be  emphasized  a  little  more,  that 
is,  as  to  the  object  of  such  specifications  as  these.  These  are 
specifications  under  which  insulators  are  to  be  purchased  from 
the  manufacturer,  unde  which  he  is  to  supply  them.  Then  it 
seems  to  me,  as  pointed  out  by  Mr.  Sandford,  that  all  the  ques- 
tions of  designs,  form  of  instdation,  flash-over,  and  that  sort  of 
thing  should  be  determined  before  the  contract  is  let,  and  then 
forgotten.  That  is  a  matter  which  we  cannot  usually  specify, 
it  seems  to  me.  Our  object  in  preparing  any  specification,  and 
recommending  one,  if  we  are  to  recommend  one,  is  not  to  enable 
engineering  work  to  be  automatically  done,  but  these  specifi- 
cations are  prepared  and  are  to  be  used  as  a  guide  in  procuring 
any  given  product  determined  on. 

The  preliminary  determination  as  to  design  and  the  character- 
istics that  will  be  given  presumably  to  all  the  units  is  one  that 
should  depend  upon  the  judgment  of  the  engineer.  If  it  were 
possible  to  determine  all  the  characteristics,  then  it  would  not 
be  necessary  to  have  any  tests  at  all,  perhaps,  or  any  specifi- 
cations except  some  rough  ones  of  a  general  nature,  but  it  is  not 
possible  to  determine  in  advance  all  the  characteristics.  You 
cannot  lay  down  a  hard  and  fast  rule  for  the  puncturing  of  the 
insulators,  for  instance,  in  the  matter  of  test  under  oil,  so  that  it 
is  necessary  to  draw  up  specifications  which  will  bring  about  the 
production  of  an  article  along  commercial  lines  and  in  very  reason- 
able approximation  to  the  kind  of  product  we  are  after. 

Closely  connected  with  that  is  the  proposition  made  by  Mr. 
Nicholson  in  regard  to  going  into  the  ceramics  of  the  matter. 
My  advice  in  that  connection  would  be  general.  I  have  made 
a  little  study  of  the  side  of  this  subject  which  relates  to  ceramics, 
and  my  experience  so  far  has  been  that  the  more  deeply  you 
study  it  the  less  you  know.  You  will  find  that  the  art  of  ceramics 
today  is  hardly  on  an  engineering  basis.     It  is  approaching  that. 
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and  we  have  ceramic  engineers,  but  the  ceramic  engineers  meet 
serious  obstacles  every  once  in  a  while,  as  I  know.  There  is  a 
suggestion  I  might  make  in  place  of  the  one  which  has  been  made, 
and  that  is  that  we  get  in  touch  with  our  friends,  the  ceramic 
engineers,  and  arrange  for  some  joint  meetings  on  this  matter, 
so  that  we  may  both  learn  something.  On  our  side  we  will  learn 
something  as  to  the  uncertainty  of  the  manufacture  of  electrical 
porcelain.  I  think  it  is  more  uncertain  than  any  other  material 
that  enters  into  electrical  construction,  and  our  knowledge  of  it 
is  limited,  both  in  regard  to  the  electrical  properties  and  the  me- 
chanical properties.  Our  knowledge  of  the  mechanical  properties 
is  a  very  indefinite  one  at  the  present  time.  We  have  but  very 
little  information  on  the  tensile  strength  of  porcelain,  and  such 
as  we  have  is  very  conflicting.  It  depends  very  greatly  not  only 
upon  the  composition  of  the  porcelain  but  upon  its  mechanical 
treatment  during  manufacture.  For  instance,  I  presume  a 
good  many  of  you  would  assume  that  the  tensile  strength  of 
porcelain,  or  ceramic  material,  because  some  of  it  is  not  worthy 
of  the  name  of  porcelain,  increased  with  the  vitrification.  Now, 
that  is  not  necessarily  the  case  at  all.  Some  of  the  strongest 
objects,  that  is,  strongest  with  relation  to  tensile  strength,  made 
of  ceramic  material  that  I  ever  tested,  have  been  the  most  porous 
and  the  ones  most  easily  broken  by  a  little  knock.  I  remember 
one  sample  of  porcelain  which  was  tested  up  to  2200  lb.  per  sq.in., 
which  is  very  high,  and  someone  knocked  this  piece  of  porcelain 
on  the  floor  and  it  broke  into  three  pieces. 

There  are  a  lot  of  problems  which  are  yet  to  be  solved  in  re- 
gard to  ceramic  material,  both  from  the  chemical,  electrical  and 
mechanical  side,  and  it  is  a  pretty  complex  problem.  I  think 
Mr.  Maillotix's  remarks  in  that  respect  were  well  to  the  point. 

To  my  mind  one  of  the  most  important  tests  is  the  puncture 
test  under  oil,  but  when  you  come  to  apply  it  and  use  it  as  a 
criterion  as  to  the  quality  of  product,  it  is  extremely  difficult  to 
determine  how  it  shall  be  applied.  Mr.  Sandford  has  mentioned 
the  percentage  of  the  product  which  shall  be  tested  under  oil. 
All  right,  but  suppose  you  test  it  under  oil  and  it  falls  consider- 
ably below  what  you  expect  it  would  do,  and  what  the  tests  of 
the  first  samples  had  encouraged  you  to  believe  you  would  get. 
What  are  you  going  to  do  about  it?  Say  you  have  a  large  order 
of  insulators  to  be  got  out  on  time,  and  the  manufacturer  doing 
the  best  he  can,  and  his  material  is  considerably  below  the  punc- 
ture test  you  thought  you  were  going  to  get.  It  is  extremely 
puzzling  to  know  what  to  do.  You  cannot  test  all  of  your  insu- 
lators, that  would  be  almost  prohibitive  as  a  matter  of  course, 
and  few  manufacturers  have  the  facilities  so  that  you  could  test 
them  all  under  oil.  In  one  case  in  my  own  experience  we  did 
this — we  assimied  we  could  not  ask  the  insulator  manufacturer 
to  do  any  better  than  it  was  possible  for  him  to  do.  The 
most  we  could  ask  then  was  that  we  should  get  as  good 
porcelain   as   anyone   else   got.     The   particular   insulators  in 
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question  had  a  lower  flash-over  value  than  some  others  being 
turned  out,  so  that  if  they  were  tested  in  air  they  wotdd  be  tested 
at  a  lower  voltage  as  regards  puncture  than  the  other  insulators 
being  turned  out  We  could  not  tell  then,  from  a  test  in  air, 
as  to  whether  the  porcelain  in  these  insulators  was  as  good  as 
that  in  the  others.  When  we  came  to  make  the  test  under  oil, 
if  the  puncture  values  were  lower  than  we  thought  they  ought 
to  be,  we  agreed  that  wc  should  have  the  right  to  test  some  of' 
the  other  product  that  was  going  through  the  factory  and  which 
was  passing  the  routine  test  through  air,  under  oil,  and  if  ours 
tested  out  as  good  as  they  did,  then  we  were  subject  to  negotia- 
tions ,  even  though  it  was  no t  as  good  as  we  thought .  If  it  was  not 
as  good  as  that,  we  were  in  the  position  under  the  contract  to 
exert  some  considerable  influence.     That  was  agreed  upon. 

It  may  be  possible  to  work  out  some  better  arrangement,  but 
it  is  exceedingly  puzzling  to  know  how  to  control  your  product, 
when  you  can  only  test  a  small  part  of  it,  and  when  you  are 
dealing  with  a  product  which  is  notoriously  non-uniform.  On 
this  matter  of  uniformity  I  agree  with  Mr.  Peek.  I  wotdd  rather 
have  insulators  which  run  very  uniformly  in  a  lot  tested, 
even  those  in  which  the  puncture  value  was  considerably  lower 
than  might  be  obtained  with  some  other  product  which  was  less 
uniform. 

There  is  one  thing  Mr.  Peek  mentioned  which  I  would  like  to 
discuss  further,  and  perhaps  get  some  further  information  on 
the  point,  and  that  is  the  objection  to  using  the  sphere  gap  in 
making  the  insulator  tests.  He  suggests  it  would  be  better  to 
calibrate  the  transformer.  I  think  in  many  cases  it  would  be, 
but  my  reason  wotdd  be  that  of  convenience.  His  reason  was 
not  quite  clear,  that  was,  in  making  the  end  test  on  the  instdator 
the  voltage  on  the  spark  gap  might  be  higher  than  otherwise. 
It  seems  to  me  the  insulator  gets  the  same  voltage  as  the  spark 
gap  does,  if  the  apparatus  is  properly  collected  up  and  located, 
and  I  cannot  see,  from  that  standpoint,  the  objection  to  using 
the  sphere  gap. 

It  seems  to  me  it  is  important  to  have  the  wet  and  dry  tests 
as  nearly  the  same  as  possible,  so  that  the  idea  of  specifying  the 
flash-over  test  dry  shall  be  at  least  equal  to  a  certain  amount 
seems  to  me  is  a  little  bit  irregular.  I  should  say  that  the  most 
logical  way  to  specify  it  would  be  with  reference  to  the  wet  flash- 
over  test.  It  seems  to  me  the  precipitation  in  some  specifica- 
tions is  pretty  high.  One  inch  depth  in  five  minutes  wotdd 
occur  to  me  to  be  amply  high  enough  for  most,  if  not  all,  places 
in  the  United  States.  That  is  considerably  higher  than  the  max- 
imum precipitation  ever  recorded  by  the  U.S.  weather  bureau. 
If  you  want  to  add  a  factor  of  safety,  do  not  add  it  through  the 
precipitation  test.  I  think  it  is  better  to  add  it  through  the 
voltage  to  be  impressed  on  the  insulator.  Also  in  regard  to  the 
matter  of  precipitation,  I  hope  there  will  be  some  further  dis- 
cussion on  Mr.  Thomas's  suggestion  of  inclining  the  insulator 
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and  iising  a  vertical  spray  instead  of  a  spray  at  an  angle.  It  is 
difEcidt  to  get  a  spray  at  an  angle  which  will  be  uniform  and 
accurately  directed.  It  would  be  much  easier  to  accomplish 
the  same  conditions  with  a  vertical  spray  and  the  insulator  at 
an  angle.  The  objection  may  be  made  that  that  does  not  sim- 
ulate the  conditions  of  practise.  In  reply  to  that  you  can  say 
that  we  do  not  know  much  about  what  the  conditions  of  practise 
actually  are,  and  there  is  considerable  question  as  to  whether 
the  45  deg.  spray  simtdates  them  any  better  than  any  other 
method  of  procedure  would.  In  any  case,  what  is  the  difference 
provided  we  have  certain  values  which  we  know  approach  the 
practical  value  of  the  insulator?  Is  it  not  much  better  to  have 
a  condition  of  test  which  we  can  repeat  with  some  assurance  of 
accuracy  even  though  it  does  not  simulate  completely  the  con- 
ditions of  practise? 

There  is  nothing  said  about  cement — how  the  insulator  shall 
be  handled  after  it  is  cemented.  In  the  first  place,  it  should 
not  be  used  soon  after  cementing,  and  should  be  kept  above  the 
freezing  point.  I  know  of  some  pieces  of  work  in  which  the 
ii}f ulators  were  allowed  to  freeze  before  they  set  and  when  they 
got  out  on  the  line  there  was  some  trouble.  That  was  a  case 
where  it  was  not  possible  to  test  the  insulators  as  a  completed 
whole,  and  they  had  to  be  tested  in  separate  parts.  When  you 
test  them  after  assembling,  that  point  is  not  of  such  great  im- 
portance, except  that  it  is  always  important  not  to  have  yotir 
deliveries  held  up  by  the  failure  of  a  lot  of  insulators,  and,  of 
course,  that  is  important  from  the  manufacturer's  standpoint, 
not  to  lose  a  lot  of  the  product. 

I  should  also  like  very  much  to  hear  from  the  insulator  man- 
ufacttirers  as  to  the  absorption  tests  which  have  been  proposed, 
whether  or  not  they  are  satisfactory  to  them,  whether  they  are 
too  difficult,  or  whether  they  are  likely  to  result  in  a  product 
whose  existence  is  not  justified. 

I  would  also  say  that  I  agree  with  Mr.  Nicholson  in  his  remarks 
in  regard  to  the  flash-over  values  of  the  instdators.  It  seems  to 
me  that  a  desirable  insulator  is  one  which  will  flash  over  the  unit 
always  before  it  will  puncture.  If  that  is  the  case,  why  not  space 
your  units  far  enough  apart  so  that  approximately,  at  least,  you 
get  the  benefit  of  the  full  value  of  each  unit?  If  there  is  a  power 
arc-over,  as  a  rule  it  will  go  to  the  outside  plenty  quick  enough. 
I  doubt  if  you  will  find  any  difference  in  the  breaking  of 
the  insulators  whether  the  power  arc  starts  around  the  in- 
sidators  or  between  them.  If  the  amount  of  power  is 
enough  to  break  the  end  unit,  it  may  go  along  a  line  of  insulators, 
a  string  of  units,  if  the  arc  persists  long  enough.  Whether  it 
flashes  clear  around  the  string,  or  starts  clear  around  individual 
imits,  there  is  little  difference  in  practise,  so  far  as  we  have  been 
able  to  observe. 

Percy  H.  Thomas:  President  Mershon  was  the  one  who 
suggested  having  the  spray  vertical  and  the  insulator  at  46  deg. 
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Of  what  effect,  in  one  of  these  specifications,  wotdd  be  the  provis- 
ion that  we  separate  the  design  test  from  the  routine  test,  as 
you  suggest?    What  would  you  have  done  with  the  specification? 

Ralph  D.  Mershon:  I  would  place  the  most  stress  upon  those 
things  which  will  control  the  product  as  we  go  through  the  pro- 
cess of  manufacture.  I  do  not  think  I  would  put  the  matter  of 
design  in  the  form  of  a  specification  at  all.  I  do  not  see  why  we 
should  supply  specifications  for  the  design  of  the  insulator  at  all. 
It  is  likely  to  impair  progress,  I  think,  and  in  any  case  the  engi- 
neer in  charge  of  the  work  ought  to  have  enough  knowledge  and 
experience  to  exercise  his  own  judgment  in  regard  to  questions 
of  design.  The  usual  course  is  to  get  samples  from  the  different 
manufacturers  and  test  them.  If  there  are  any  new  designs  which 
have  been  brought  out,  you  can  compare  them  with  regard  to 
corona  and  in  regard  to  string  ratio,  and  all  of  the  other  points 
that  are  involved  in  the  design  of  the  insulator  itself  and  in  re- 
gard to  the  puncture  value  of  the  instdator.  After  you  have 
done  that,  you  want  a  specification  to  which  you  can  fairly  re- 
quire conformity,  and  it  will  result  in  bringing  forth  as  uniform 
a  product  as  the  state  of  the  art  will  permit.  » 

Percy  H.  Thomas:  Is  not  that  exactly  what  we  have  in  the 
first  specification?  We  have  the  routine  test  separated  from 
the  design  test  in  a  perfectly  plain  manner.  The  first  part  may 
not  be  called  a  specification,  but  have  these  things  stated,  and 
call  attention  to  the  necessity  of  uniformity  in  the  product  and 
leave  the  greatest  freedom  for  variations  in  design.  We  do  not 
limit  the  development  of  the  art,  but  want  to  call  attention  to 
the  way  tests  should  be  made,  and  things  of  that  sort.  I  agree 
with  you  in  the  matter. 

Ralph  D.  Mershon:  The  remarks  I  would  add  in  regard  to 
that  would  be  directed  more  against  the  supplying  of  specifica- 
tions for  design  at  all.  Any  specifications  we  agree  upon  should 
be  directed  toward  bringing  the  product  through  and  not  to  the 
matter  of  the  design  of  the  product. 

E.  M.  Hewlett:  I  think  that  the  last  point  Mr.  Mershon 
brought  out  is  one  of  the  most  important.  The  general  design 
of  the  system  should  be  settled  before  any  decision  is  made  as 
to  the  particular  insulator  which  should  be  used.  The  proper 
instdator  to  use  will  be  determined  by  the  voltage  of  the  line. 
An  insulator  designed  for  a  70,000-volt  line  would  naturally  show 
corona  at  a  lower  point  than  an  insula. or  designed  for  a  100,000- 
volt  line.  Also,  insulators  designed  for  any  given  voltage  at  a 
given  altitude  will  show  corona  at  a  lower  voltage  at  higher  al- 
titudes. Thus  at  points  where  a  line  crosses  a  mountain  range 
it  might  be  necessary  to  use  insulators  of  a  different  design  than 
those  used  at  lower  points  so  that  all  the  insulators  will  show 
corona  at  about  the  same  voltage. 

In  reference  to  the  arc-over  test,  we  find  that  many  manufac- 
turers consider  a  puncture  or  a  flash-over  test  with  a  testing  trans- 
former equivalent  to  an  actual  line  test,  but  Mr.  Mershon  has 
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shown  the  fallacy  of  this.  He  brought  out  the  point  that  where- 
as you  might  flash  over  and  strike  between  the  insulators  and 
probably  break  the  whole  string,  the  power  arc-over,  that  is, 
the  arc-over  on  a  power  system,  as  distingtiished  from  a  flash- 
over  on  a  testing  transformer,  often  improperly  called  a  power 
arc,  would  probably  throw  clear  of  the  insiilators  in  an  instant. 
If  the  insulators  fail  it  may  be  because  a  wnd  is  blowing  at  the 
time,  whereas  a  similar  flash-over  clear,  without  adverse  wind, 
might  not  have  created  any  trouble.  The  flash  over  the  entire 
string  of  insulators  might  have  been  blown  into  the  string  of 
insulators  if  it  had  been  drawn  in  by  a  flash  in  between. ' 

In  reference  to  the  rain  test,  the45-deg.  angle  test,  the  amount 
of  water,  etc.,  I  find  that  many  times  tests  are  run  with  an  ab- 
normally large  amount  of  water,  a  great  deal  more  than  actual 
precipitation  conditions  justify,  the  insulators  being  first  tested 
under  actual  precipitation  conditions  and  then,  if  they  do  not 
arc  over,  the  amoimt  of  water  is  increased  until  the  insulators 
do  arc  over.  It  would  seem  a  much  better  test  to  duplicate 
actual  precipitation  conditions,  increasing  the  voltage  until  a 
flash-over  results,  because  this  method  gives  a  better  idea  of  the 
behavior  of  the  insulators  imder  actual  conditions.  It  should 
be  obvious  to  everyone  that  when  excess  water  is  used,  the  in- 
formation being  sought  from  the  test  is  not  and  cannot  be  ob- 
tained, which  is  the  maximum  possible  arc-over  voltage  at  maxi- 
mum rain  conditions  and  not  at  five  times  this  point. 

Now  considering  the  rain  test  at  an  angle  of  45  deg.  If  rain  is  fall- 
ing at  45  deg.  there  is  considerable  wind,  and  if  the  wind  condition 
is  not  duplicated  in  the  test,  the  water  will  stream  over  one  disk 
to  another  and  the  insulators  will  flash  over  at  much  less  voltage 
than  they  would  imder  actual  weather  conditions  because  of 
the  wind  blowing  the  streams  of  water  so  that  they  will  not. 
drip  from  one  disk  to  the  next  one  below  it. 

Then  there  is  another  point.  We  have  seen  tests  where  the 
insulators  were  damaged  because  they  were  too  far  apart,  whereas 
the  individual  test  on  each  disk  was  good.  Because  the  insu- 
lators were  placed  a  little  far  apart,  they  flashed  aroimd  the 
individual  disks,  whereas  if  they  had  been  placed  closer  to- 
gether the  flash  would  have  been  around  the  whole  string. 
Also  insulators  are  often  arranged  simply  to  meet  the  ideas  of 
the  engineers  testing  them,  making  the  test  a  personal  rather 
than  a  physical  equation. 

In  reference  to  the  absorption,  while  0.01  of  one  per  cent 
in  porcelain  is  possible,  I  doubt  whether  this  absorption  can  be 
maintained  at  this  time  in  the  case  of  large  orders,  because 
there  is  a  difference  in  the  temperature  in  different  parts  of 
the  kiln,  as  well  as  in  the  different  burnings,  etc.  If  you  de- 
mand 0.01  of  one  per  cent  absorption,  I  think  it  probable  that 
the  cost  will  be  increased. 

On  the  basis  of  cost,  I  think  also  that  the  tests  suggested 
are  too  long,  and  that  too  many  insulators  are  tested.  The 
purchaser  will  have  to  pay  the  additional  cost,  it  has  to  g9T/> 
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somewhere,  and  if  the  insulators  are  subjected  to  severe  tests 
and  long  tests,  which  entail  some  hardship  on  the  manufacturer, 
the  extra  expense  must  naturally  be  put  into  the  price  of  the 
product. 

The  altitude  is  not  considered  in  the  specifications,  and  I  do 
not  suppose  that  it  should  be,  but  a  reference  should  be  made 
so  that  it  will  be  remembered  by  engineers  selecting  insulators 
for  higher  altitudes.  In  this  connection,  if  only  a  small  portion 
of  the  line  runs  at  a  higher  altitude  it  would  be  a  hardship  to 
make  a  specification  for  this  altitude  include  all  the  insulators 
which  are  used  at  the  lower  altitude. 

P.  H.  Thomas:    I  think  you  are  right  about  that, 

E.  M.  Hewlett:  Regarding  the  appearance  of  the  corona  at 
different  altitudes — an  insulator  of  a  given  design  and  with 
a  certain  size  pin  will  show  corona  at  a  definite  altitude  with 
given  climatic  conditions,  and  some  reference  should  be  made 
to  this  so  it  will  be  considered  in  selecting  insulators  for  various 
altitudes.  There  should  be  a  practical  specification  drawn  up 
for  the  inspector's  use,  so  that  he  can  determine  whether  the 
insulators  received  are  made  of  the  proper  material  and  are  of 
the  dimensions  called  for,  etc.,  and  that  they  will  pass  certain 
electrical  tests.  I  also  believe  that  specifications  should  not 
specify  the  details  of  manufacture,  because  no  good  would  be 
accomplished.  It  is  always  to  the  interest  of  the  manufactiu-er 
to  work  out  efficient  methods  of  design  and  manufacture  to 
accomplish  the  various  purposes  desired  and  he  is  often  not  in  a 
position  to  manufacture,  without  added  expense,  according 
to  other  methods  which  might  be  specified.  If  you  limit  the 
man  in  the  porcelain  factory  in  the  making  of  porcelain  or  seek 
to  influence  the  way  in  which  he  handles  his  materials,  you  are 
going  to  handicap  him  seriously,  because  some  clay  combina- 
tions are  more  suitable  for  thick  bodies  and  some  for  thin  bodies, 
and  the  characteristics  of  the  clay  must  be  considered  in  working 
out  a  design  for  a  given  purpose. 

In  reference  to  the  porcelain,  I  have  been  working  out  different 
designs  of  porcelain  for  the  last  fifteen  or  eighteen  years,  and  I 
agree  with  anything  that  anyone  says  about  the  varying  char- 
acter of  the  product.  We  make  insulators  of  various  kinds, 
as  it  is  necessary  to  do  so  in  order  to  obtain  the  different  forms 
which  are  required.  It  is  often  difficult,  if  not  impossible,  for 
us  to  obtain  just  what  we  need  from  outside  manufacturers. 
From  experience  I  have  found  that  the  ceramic  engineers  and 
foremen  in  charge  of  the  porcelain  factories  often  unintention- 
ally mislead  us  as  to  the  form  in  which  it  is  possible  to  makfe 
given  insulators.  There  are  many  factors  to  be  considered  in 
manufacturing  porcelain  that  do  not  occur  in  other  lines,  and  it 
takes  a  great  deal  of  experience  with  the  design  and  manu- 
facture of  porcelain  and  its  uses  for  one  to  be  reasonably  able  to 
predict  what  results  will  he  obtained  from  various  designs. 
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As  to  the  advisability  of  making  up  the  strings  of  units 
which  will  not  flash  over  before  the  line  potential  is  reached, 
this  may  be  feasible  for  some  voltages,  but  it  is  obvious  that 
after  a  certain  voltage  is  passed  it  will  not  be  practicable.  For 
instance,  it  would  be  difficult  at  the  present  time  to  make  up  a 
string  of  insulators  for  a  140,000-volt  transmission  line  in  which 
each  tmit  in  the  string  could  be  tested  to  flash  over  at  line  voltage, 
140,000  volts.     Such  a  design  would  be  practically  prohibitive. 

The  specifications  given  for  suspension  insulators  often  call 
for  strength  far  in  excess  of  the  strength  of  the  conductor  and 
the  possible  strains  on  the  system,  and  consequently  introduce 
a  factor  which  may  call  for  a  design  of  instilator  electrically 
inferior,  though  testing  mechanically  stronger  than  is  necessary, 
whereas  if  the  specifications  did  not  call  for  these  excessive 
strengths,  better  electrical  characteristics  could  often  be  secured. 
It  should  be  kept  in  mind  that  the  initial  strain  which  an  insula- 
tor will  stand  does  not  necessarily  prove  that  it  will  maintain 
this  great  strength  over  a  long  period.  Some  insulators  that  have 
stood  great  strains  at  first  have  been  known  to  drop  the  conductor 
in  a  comparatively  short  time  after  having  been  put  in  service 
and  having  been  subjected  to  only  a  small  portion  of  the  original 
testing  strain,  due  to  the  methods  of  fastening  the  links  together. 

As  to  the  mechanical  test,  I  think  the  points  made  by  Mr. 
Sandford  and  Mr.  Nicholson  about  this  are  correct.  I  think 
they  should  be  made  as  general  tests,  though,  and  only  a  com- 
parativdy  small  number  would  be  necessary  to  test  in  that  way. 
You  ought  to  test  your  design  in  that  way,  the  same  as  you 
would  for  other  designs,  and  then  run  at  a  proper  safety  factor 
and  use  enough  strain  insulating  sections  in  multiple  to  get  the 
desired  strength.  Then  as  to  the  suspension  insulator.  A  sus- 
pension insulator  is  not  ordinarily  called  upon  to  stand  so  much 
strain  as  a  strain  insulator,  even  under  emergency  conditions, 
as  the  suspension  insulator  is  nearly  always  put  on  the  lighter 
tower,  and  if  subjected  to  the  same  strain  as  the  strain  instdator 
the  tower  would  probably  be  pulled  over. 

H.  W.  Crozier:  I  want  to  say  a  word  in  regard  to  the  matter 
of  vitrification.  There  are  two  kinds  of  tests,  one  a  general  test 
as  to  the  material  you  are  going  to  get  and  another  a  detailed 
test  of  each  particular  piece  of  porcelain.  There  is  nothing  said 
whatever  in  the  specification  about  the  vitrification  test  of  each 
particular  piece  of  porcelain.  When  I  first  learned  something 
about  the  porcelain  business,  Mr.  Sandford  was  working  on  the 
same  problems.  We  wotdd  set  up  a  long  row  of  insulators  for 
test  and  very  quickly  the  inspector  learned  to  pick  out  pieces 
of  porcelain  which  were  not  thoroughly  vitrified.  Many  pieces, 
however,  were  doubtful  and  it  was  found  that  soaking  in  a  tub 
of  water  over  night  had  a  very  great  influence  on  the  insulators. 
A  large  proportion  selected  by  the  inspector  as  doubtful  would 
fail  after  the  soaking  test,  showing  insufficient  vitrification. 
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As  has  been  said  here,  the  manufacttire  of  insulators  is  not 
by  any  means  uniform,  and  from  any  one  kiln  you  can  take  in- 
sulators which  are  very  fine  and  right  alongside  of  them  you  will 
find  insulators  which  are  not  vitrified.  After  a  little  experience, 
the  suspected  ones  are  picked  out  and  set  aside,  and  sent  back 
to  the  oven  and  refired,  and  by  that  means  the  manufacturer 
saves  the  loss  which  would  be  caused  by  their  failure.  I  would 
like  to  see  something  put  in  the  specification  to  cover  this 
question  of  test  for  the  vitrification  of  individual  pieces.  I 
think  the  best  way  to  do  that  is  to  take  the  porcelain  and  soak 
it  in  water ^ — that  would  be  the  test  which  I  should  apply. 
Whether  we  should  require  this  0.01  per  cent  of  absorption, 
I  do  not  know,  but  soaking  in  water  will  soon  determine.  We 
can  get  a  porcelain  instdator  which  will  stand  the  electrical 
test,  but  we  want  to  be  certain  that  the  instdator  will  not  de- 
teriorate in  service.  In  the  same  lot  of  insulators  that  I  have 
spoken  about  we  did  have  a  large  number  of  insulators  de- 
teriorate in  serv'ice.  That  was  due  to  the  fact  that  the  insulators 
were  not  thoroughly  vitrified.  They  were  made  in  a  new  factory 
and  no  one  had  sufficient  experience  to  properly  select  the 
insulators  which  were  not  thoroughly  vitrified.  If  these  insu- 
lators had  been  soaked,  I  believe  not  many  would  have  passed 
the  test.  After  the  line  had  been  in  service  about  two  years, 
one  section  of  the  line  where  the  first  four  carloads  were  used  was 
found  to  give  a  great  deal  of  trouble  due  to  failure  of  insulators. 

As  to  the  other  question  raised  about  the  strain  insulators, 
in  regard  to  the  mechanical  test,  words  have  been  put  into  my 
mouth  which  I  did  not  use.  I  anticipated  we  would  use  two 
different  types  of  insulators.  If  we  are  going  to  apply  additional 
tests  to  a  lot  of  insulators,  we  will  naturally  raise  the  price,  so 
it  would  be  better  to  have  one  lot  of  insulators  for  the  strain 
insulators  and  another  lot  of  insulators  for  the  span  insulators. 
If  the  span  insulators  are  accidentally  seriously  loaded,  and  bf^ak 
in  the  line,  that  is  a  very  serious  matter,  but  one  which  should 
b^  carefully  considered  in  the  design.  As  a  rule,  for  heavy  loads 
it  is  better  to  use  two  or  three  strings  of  insulators  in  parallel 
for  strain  insulators. 

P.  W.  Sothman:  The  problem  before  us  is  one  that  cannot 
be  disposed  of  by  following  ordinary  thumb  rules.  To  me, 
every  insulator  represents  an  integral  part  of  a  system,  requiring 
a  special  study  for  each  individual  installation.  For  it  is  ob- 
viously impossible  to  select  an  insulator  for  a  certain  service 
and  then  assume  that  this  same  insulator  will  withstand  any 
other  service  under  any  other  conditions,  on  the  strength  of 
the  fact  that  the  voltage  of  the  line  is  the  same. 

I  believe  it  would  not  be  wise  to  draw  up  specifications  for 
the  manufacture  of  insulators  by  setting  cast-iron  rules  for  the 
manufacture  and  testing.  What  is  most  needed  in  these  speci- 
fications is  well-defined  principal  requirements.  And,  further, 
I  believe  the  manufacturer  and  the  engineer  should  arrive  at  a 
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mutual  tmderstanding  as  to  how  the  best  results  can  be  obtained. 
I  think  one  of  the  most  advantageous  things  from  a  practical 
point  of  view  which  we  can  undertake  to  do  is  to  urge  the  manu- 
facturer to  improve  the  character  of  the  porcelain,  in  order  to 
obtain  a  more  uniform  product. 

Mr.  Peek  hgs  advanced  several  points  which  can  only  be 
viewed  from  a  purely  academic  standpoint,  and  Mr.  Sandford 
has  given  us  his  views  from  the  manufacturer's  standpoint. 
Mr,  Sandford  does  not  wish  the  engineer  to  settle  all  questions, 
but  wants  to  give  us  what  he  thinks  best  and  not  necessarily 
what  we  need.  I  think  we  should  specify  clearly  what  we  need. 
But  do  not  let  us  step  in  and  tell  him  how  to  do  it.  It  is  his 
business  to  know  that. 

With  reference  to  the  tests  of  the  insulators,  it  appears  that 
tests  on  dry  and  wet  insulators  vary  considerably.  I  do  not  be- 
lieve that  any  of  our  practical  engineers  have  ever  seen  an 
insulator  fail  under  a  wet  test,  and  in  spite  of  this  they  still 
specify  wet  tests.  It  was  pointed  out,  and  I  think  it  was  en- 
dorsed by  Mr.  Sandford,  that  the  water  used  for  these  water 
tests  has  a  range  of  100  per  cent  in  conductivity.  Mr.  Mershon 
remarked  that  some  water  was  a  good  instdator  and  other  water 
a  good  conductor,  and  I  have  always  found  that  to*be  the  case. 
I  have  seen  wet  tests  on  insulators  that  did  not  leave  anything 
to  be  desired;  however,  when  the  insulators  were  tested  in  another 
room,  they  failed  entirely,  under  apparently  the  same  test. 

I  absolutely  agree  with  the  remarks  of  Mr.  Lincoln,  who 
recommends  the  use  of  water  from  condensed  steam.  I  agree 
with  him  that  we  should  approximate  as  closely  as  possible  the 
natural  conditions,  in  specifying  otir  tests.  There  is  nothing 
gained  by  overstressing  the  insulator  to  such  a  point  that  it 
will  fail  soon  after  it  is  placed  on  the  line.  We  want  a  commercial 
piece  of  apparatus,  and  for  this  reason  we  will  have  to  be  less 
academic  and  more  practical  in  calling  for  something  which  will 
satisfy  the  operator.  Now,  to  obtain  these  conditions,  if  the 
gentlemen  who  are  in  charge  of  the  practical  operation  of  a 
transmission  line  will  join  hands  and  heads  with  the  insulator 
manufacttirer,  and  study  the  subject  thoroughly,  we  would  be 
siu-e  to  obtain  better  results,  and  for  that  reason  I  would  suggest 
that  a  resolution  be  passed  turning  over  the  work  of  the  gentle- 
men who  have  presented  these  specifications  to  a  committee 
to  be  appointed  to  work  out  the  details  in  cooperation  with  the 
manufacturers,  in  order  to  avoid  the  danger  of  framing  a  speci- 
fication that  would  do  more  harm  than  good.  It  shotdd  always 
be  borne  in  mind  that  a  chain  is  only  as  strong  as  its  weakest 
link.  The  breaking  down  of  insulators  does  not  necessarily 
imply  that  the  instdators,  themselves,  are  at  fault.  In  a  good 
many  cases,  the  trouble  has  its  seat  elsewhere.  Distribution  of 
stresses  along  the  string  of  insulators  and  at  their  extreme  ends, 
the  design  of  cable  clamps,  its  protection,  etc.,  etc.,  all  must  be 
duly  considered.     Until  all  troubles  and  their  causes  are  clearly 
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tinderstood  and  their  relative  value  appreciated,  both  qualitatively 
and  quantitatively,  nothing  can  be  gained  by  blindly  adding 
material  to  an  insulator  with  the  object  of  making  it  safer  against 
these  causes. 

C.  F.  Scott:  The  problem  seems  to  be  a  triple  one:  first  to 
determine,  by  research,  what  it  is  possible  to  s^piure  in  the  way 
of  satisfactory  insulators;  second,  to  determine,  by  research, 
what  characteristics  an  insulator  should  have  in  order  to  be 
wholly  satisfactory;  and  third,  a  commercial  test  to  determine 
whether  particular  insulators  meet  these  requirements,  and 
conditions.  The  three  elements  are — research,  engineering  and 
commercial  testing. 
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THE  BEHAVIOR  OF  SYNCHRONOUS  MOTORS  DURING 

STARTING 


BY  P.    D.    NEWBURY 


Considerable  information  has  been  presented  before  the  In- 
stitute and  elsewhere  concerning  the  performance  of  self -starting 
synchronous  motors,  but  this  has  dealt  mainly  with  the  mathe- 
matics of  initial  starting  torque  and  current  and  the  performance 
under  a  few  of  the  simpler  conditions  of  starting  voltage,  load 
and  excitation.  There  is  much  more  than  this  involved  in  the 
complete  starting  operation,  and  the  purpose  of  the  present  paper 
is  to  describe — ^from  the  physical  point  of  view — what  actually 
takes  place  in  the  motor  windings  under  a  wider  range  of  starting 
conditions.  The  information  presented  in  the  form  of  oscillo- 
grams is  not  only  interesting  in  its  bearing  on  synchronous  motor 
operation,  but  as  experimental  data  illustrating  principles  com- 
mon to  alternating-current  circuits  in  general. ' 

Two  machines  have  been  used  in  the  experiments  described:  a 
200-kv-a.,  2400-volt,  three-phase,  600-rev.  per  min.,  standard 
belted  generator  and  a  160-kv-a.  generator  of  the  same  character- 
istics and  of  the  same  general  design.  These  two  generators 
have  the  same  number  of  poles  and  rotor  diameter  and,  in  fact, 
use  the  same  rotor  punchings,  so  that  the  design  proportions  are 
very  closely  the  same.  Both  generators  are  provided  with  a 
copper  damper  winding  of  the  general  type  shown  in  Fig.  1. 
These  machines,  having  been  designed  as  belted  generators, 
have  only  average  performance  characteristics  as  self-starting 
synchronous  motors.  The  damper  winding  is  of  low  resistance 
to  serve  as  a  damper  during  synchronous  operation,  and  as  a 
starting  winding  for  usual  synchronous-motor  applications  where 
the  initial  starting  torque  is  not  large. 
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The  complete  starting  operation  may  be  conveniently  divided 
into  three  parts,  as  follows: 

1 .  Motor  starting  from  rest  at  reduced  voltage  and  no  excita- 
tion. 

2.  Motor  running  on  partial  voltage  without  excitation  in 
sjoichronism;  excitation  then  applied. 

3 .  Motor  running  on  partial  voltage,  excited,  and  in  synchron- 
ism; voltage  then  increased  to  normal  line  voltage. 

There  are  two  additional  variations  of  the  third  part  of  the 
starting  operation  which  can  most  conveniently  be  classed  as 
additional   parts,   as  follows: 

4.  Motor  running  on  partial  voltage,  without  excitation,  with 
external  load,  field  not  excited  and  motor  not  in  synchronism; 
field  then  excited  and  synchronism  attained  and  full  voltage 
applied. 

5.  Motor  running  on  partial  voltage,  with  external  load, 
excited,  but  not  in  sjmchronism;  line  voltage  then  applied  and 
synchronism  attained. 

The  subject  will  be  treated  under  headings  corresponding  with 
these  five  parts  of  the  starting  operation. 

I — Motor  Starting  from  Rest  at  Reduced  Voltage;  No 
External  Load 

(a)  Field  Circuit  Open.  This  condition  is  shown  by  Fig.  2. 
The  motor  is  started  by  the  application  of  approximately  J 
normal  voltage  with  the  field  open-circuited  and  with  no  external 
load.  A  shunt  transformer,  connected  across  the  field  terminals, 
affords  a  record  of  the  voltage  by  the  oscillograph.  It  will  be 
noticed  that  the  maximum  current  of  106  amperes  resulting 
from  the  application  of  voltage  is  maintained  at  an  approximately 
constant  value  until  the  motor  is  well  up  to  synchronous  speed. 
The  voltage  induced  in  the  field  winding,  as  is  well  known,  is  a 
maximum  at  start  and  has  a  frequency  equal  to  that  of  the  supply 
circuit,  the  frequency  gradually  decreasing  until  it  becomes  zero 
when  the  motor  is  in  synchronism.  The  voltage  is  proportional 
to  the  rotor  frequency,  or  slip. 

(b)  Field  Circuit  Closed,  The  conditions  shown  by  Fig.  2 
are  duplicated  in  the  oscillogram  Fig.  3,  except  that  the  field  is 
closed  through  its  rheostat,  the  combined  resistance  of  the  rheo- 
stat and  field  winding  being  approximately  8.5  ohms.  The  arma- 
ture current  is  slightly  increased,  having  a  value  of  120  amperes 
instead  of  106  amperes.    A  current  of  10  amperes  (maximum 
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value)  is  induced  in  the  field  winding  and  is  maintained  at  this 
value  until  the  motor  is  within  a  few  per  cent  of  synchronous 
speed.  This  field  current  is  alternating,  and,  like  the  field  volt- 
age in  Fig.  2,  has  a  frequency  equal  to  the  slip.  There  is  a  pulsa- 
tion in  the  armature  cturent  corresponding  to  the  frequency  of 
the  current  in  the  field  circuit,  these  pulsations  becoming  very 
pronoimoed  near  sjmchronism.  Although  the  value  of  the  volt- 
age induced  in  the  field  circuit  is  proportional  to  the  slip,  as 
shown  in  Fig.  2,  the  current  is  practically  constant,  due  to  the 


im- 

/ 

7 

n 

\- 

/ 

lU 

300—^ 

m- 

400- 
3S0  - 
900- 

250- 
200- 

«o- 

iOO- 

160- 

1              1              ' 

/ 

3 
Z 

i 

-J 

/ 

Ui 

a. 

liA— 

AMP 

LRES 

p. 

\     Tl 

iRMINAlT^ 

V^ 

\, 

z 
o 

< 
z 

laoi 

a 

UJ 

1 

f 

/ 

fo 

\ 

L 

-J 

o 

/ 

\ 

> 

UJ 

UJ 

<51 

\ 

UJ 

-oo£ 

-40< 

r 

\ 

- 

o> 

/ 



\, 

RUNNI 

M-CUl 

RENT 

y 

/ 

/o 

L        2        ^ 

'STANMTILL 

1 

I     fl     a     1 

1     1   ^\ 

0       1 
CON 

2      1 

DS 

4       1 

6      1 

)      ! 

)  J 

2 

«H-0 

KI6M 

Fig.  6 — Speed  and  Current  during  Starting  under  Conditions 

OP  Fig.  4 


reactance  of  the  field  winding  and  the  voltage  decreasing  at  the 
same  rate.  The  constant  resistance  of  the  field  circuit  has  a 
negligible  effect  until  the  reactance  has  become  practically  zero 
near  synchronism.  This  illustrates  very  clearly  the  reason  why 
resistance  connected  in  the  closed  field  circuit  has  practically  no 
effect  on  the  armature  current  and  torque  until  the  resistance  has 
been  made  at  least  equal  to  the  reactance  at  normal  frequency. 
Figs.  2  and  3  show  results  from  the  150-kv-a.  motor.  Similar 
results  from  the  200-kv-a.  motor  with  closed  field  circuit  are 
shown  in  Fig.  4,  with  i  normal  voltage,  and  Fig.  5,  for  |  normal 
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voltage.  The  fact  that  the  frequency  of  the  current  in- 
duced in  the  field  winding  is  equal  to  the  slip  makes  it  possible  to 
plot  a  curve  showing  the  relation  between  speed  and  time.  Such 
a  curve  plotted  from  the  oscillogram  in  Fig.  4  is  shown  in  Fig.  6 
for  i  voltage,  and  from  the  oscillogram  in  Fig.  5  is  shown  in  Fig. 
7  for  I  voltage.  To  these  curves  have  been  added  the  current 
curves  which  illustrate  the  point  already  made,  that  the  maximum 
current  is  maintained  at  a  constant  value  until  synchronism  is 
nearly  reached. 
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Pig.  7 — Speed  and  Current  during  Starting  under  Conditions 

OF  Fig.  5 

The  effect  of  the  closed  or  open  field  circuit  on  the  torque 
developed  is  shown  in  Figs.  8  and  9  for  the  150-kv-a.  motor. 
Fig.  8  shows  the  current  and  kilowatts  existing  when  varying 
voltage  is  applied  to  the  armatiu-e,  the  rotor  being  locked.  Under 
these  conditions,  the  observed  kilowatt  minus  the  armature  loss 
represents  the  loss  in  the  rotor,  and  this  in  turn  is  proportional 
to  the  torque  developed  at  the  instant  of  starting.  With  the  field 
circuit  closed,  the  loss  due  to  the  single-phase  current  in  the 
field  winding  is  not  effective  in  producing  torque,  so  that  the  two 
curves  are  not  exactly  comparable.   The  loss  in  the  field  winding. 
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however,  is  negligible,  so  that  this  fact  does  not  appreciably  affect 
the  statement  made.  It  will  be  noted  that  the  rotor  loss  is  slightly 
greater  with  the  field  short-circuited  than  with  the  field  open- 
circuited,  showing  that  the  short-circuited  field,  at  least,  has  not 
been  a  serious  detriment  to  the  development  of  torque. 

In  Fig.  9,  the  starting  torque  is  shown  directly  as  measured 
by  brake-beam  and  scales  for  a  150-kv-a.  motor  of  the  same 
design,  except  with  a  different  armature  winding  for  440  volts. 


0      60     100     150    iX)0    250    300    aV)    400     430    500 

VOLTS 

Pig.  8 — Comparative  Starting  Torque  with  Closed  and  Open 
Field  Circuit — 150-kv-a.  Motor — Copper  Damper  Winding 


The  armature  turns,  however,  in  the  two  motors  are  proportional 
to  the  voltages.  Torque  curves  are  shown  with  the  field  circuit 
closed  and  with  the  same  damper  winding  as  used  in  the  motor 
used  in  the  oscillograph  tests,  and  with  a  damper  winding 
composed  of  brass  bars  instead  of  copper  bars.  With  the  latter 
damper  winding,  the  curves  show  a  material  increase  in  torque 
with  the  field  open  as  compared  with  the  field  closed. 

Figs.  8  and  9  illustrate  a  condition  generally  true:  that  with  an 
effective  low-resistance  damper  winding,  the  torque  and  armature 
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current  are  very  little  affected  by  the  closed  field  circixit,  but  that 
with  a  high-resistance  damper  winding,  or  with  a  rotor  construc- 
tion that  permits  only  an  ineffective  damper  winding  to  be  used, 
the  closed  field  circait  has  a  marked  effect  in  reducing  the  initial 
starting  torque.  The  field  winding  may  be  considered  as  an 
additional  winding  in  parallel  with  the  squirrel  cage  winding. 
Whether  it  has  an  appreciable  effect  in  decreasing  the  torque  for 
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Fig.  9 — Comparative  Starting  Torque  with  Closed  and  Open 
Field  Circuit,  High  and  Low  Resistance  Damper  Windings 


a  given  voltage  depends  simply  on  its  resistance  compared  with 
that  of  the  squirrel  cage  winding  and  the  relative  ciurents  in  the 
two  windings.  It  is  of  interest  to  note  that  with  a  combination 
of  field  and  damper  windings  such  that  the  closed  field  winding 
has  an  appreciable  effect  on  the  torque  developed,  there  is  a 
considerable  tendency  for  the  motor  to  lock  at  half  speed,  the 
effect  being  the  same  as  a  phase-wound  induction  motor  with 
one  phase  open-circuited. 
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It  will  be  noted  in  Fig.  2  that  the  induced  voltage  has  a  value 
of  approximately  4000  volts  maximum,  or  2800  volts,  effective 
value.  With  a  higher  exciting  voltage,  requiring  more  turns  in 
the  field  winding,  or  with  a  higher  resistance  damper  winding, 
this  voltage  would  have  been  considerably  higher.  For  self- 
starting  synchronous  motors  started  with  the  field  circuit  open, 
the  present  standard  insulation  test  of  5000  volts  may  be  ex- 
ceeded in  many  cases  by  the  actual  voltage  obtained  in  operation, 
and  in  few  cases  does  it  give  the  same  factor  of  safety  that  is 
given  by  the  standard  tests  for  the  armature  winding. 

These  facts  show  the  desirability  of  starting  synchronous 
motors  with  the  field  circuit  closed  (and  so  eliminating  the  high 
voltage  from  the  field  winding  and  switchboard),  except  in  special 
cases  where  unusually  high  initial  starting  torque  is  required. 
For  such  applications  a  high  resistance  damper  winding  is  neces- 
sary, the  benefits  of  which  in  prodacing  torque  would  be  largely 
nullified  by  the  closed  field  circuit.  In  such  special  applications, 
however,  care  must  be  taken  to  insure  that  the  insulation  of  the 
entire  field  circuit  will  withstand  the  resulting  voltage. 

II — Motor  Running  on  Partial  Voltage  with  Closed  or 
Open  Field  Circuit  with  No  External  Load  and  in 

Synchronism;  Field  then  Excited 
With  the  motor  running  with  zero  field  current  in  synchronism, 
the  effect  of  the  application  of  exciting  current  is  shown  in  Figs. 
10,  11,  12  and  13.  Fig.  10  and  Fig.  11  show  results  with  the 
200-kv-a.  motor  and  are  continuations  of  the  same  oscillograms 
shown  in  Figs.  4  and  5.  These  oscillograms  show  a  gradual  in- 
crease in  field  current  and  a  preliminary  decrease  followed  by  a 
steady  increase  in  the  armature  ciurent.  Fig.  12  duplicates 
exactly  the  conditions  of  Fig.  10  but  the  results  are  markedly 
different.  The  armature  current  immediately  starts  to  increase 
instead  of  first  decreasing  as  in  Fig.  10,  and  reaches  its  final 
value  only  after  successive  pulsations  lasting  8  or  9  seconds.  The 
field  current,  instead  of  steadily  increasing  to  its  final  value  as 
in  Fig.  10,  pulsates  S3mchronously  with  the  armature  current. 
When  steady  conditions  are  attained,  however,  the  values  in 
Figs.  10  and  12  are  substantially  the  same.  Fig.  13  shows  a 
similar  result  with  the  150-kv-a.  motor. 

An  examination  of  a  large  number  of  oscillograms  taken  shows 
no  fixed  relation  between  the  occurrence  of  the  steady  increase 
in  field  current  and  armature  current  as  in  Fig.  10  or  the  pulsating 
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increase  as  in  Figs.  12  and  13,  and  other  conditions  of  operation. 
The  most  reasonable  assumption  is  that  the  steady  increase 
occurs  when  the  field  current  and  armature  current  at  the  instant 
of  closing  the  field  switch  agree  in  polarity,  and  that  the  pulsating 
condition  occurs  when  they  do  not  so  agree.  The  immediate 
increase  in  armature  current  in  Fig.  12  when  exciting  current 
is  applied  is,  under  this  assumption,  required  to  maintain  the 
necessary  net  excitation  required  for  the  applied  voltage  and  flux. 
The  succeeding  decrease  in  armature  current  is  caused  by  the 
rotor  "  slipping  a  pole  "  to  bring  the  armature  and  field  excita- 
tions in  phase.  The  relative  change  in  armature  and  field  polarity 
requires  a  decrease  in  field  excitation  to  maintain  constant, 
flux,  as  shown  by  the  oscillogram.  If,  when  the  rotor  "  slipped 
a  pole,"  it  remained  in  synchronism  with  the  armature,  the  arma- 
ture and  field  currents  would  gradually  increase  to  their  final 
steady  value,  as  in  Fig.  10.  The  succession  of  pulsations  shows 
that  the  rotor  oscillates  back  and  forth,  succeeding  oscillations 
decreasing  in  amplitude  until  the  rotor  settles  into  its  final  rela- 
tive position. 

In  all  of  the  oscillograms  so  far  shown,  the  excitation  has  been 
much  more  than  that  required  to  maintain  minimum  armature 
current  with  100  per  cent  power  factor,  so  that  the  final  steady 
value  of  armature  current  has  been  greater  than  that  required 
with  zero  rotor  excitation. 

Ill — Motor  Running  on  Partial  Voltage,  Excited  and  in 
Synchronism,  With  and  Without  External  Load;  Line 

Voltage  then  Increased  to  Normal 
This  condition  is  shown  by  Figs.  15,  16  and  17,  representing 
an  initial  voltage  \  of  normal  and  no  external  load  on  the  motor; 
Figs.  18,  19  and  20  representing  an  initial  voltage  of  f  normal 
and  no  external  load  on  the  motor;  and  Figs.  21  and  22 represent- 
ing an  initial  voltage  i  of  normal  and  with  approximately  f 
full  load  on  the  motor. 

The  change  from  the  initial  starting  voltage  to  normal  volt- 
age is  made  by  a  double-throw  switch.  The  armature  circuit  is 
momentarily  opened  in  throwing  from  the  low  voltage  to  the 
high  voltage  and  current  drops  to  zero  during  this  interval.  The 
voltage,  instead  of  also  dropping  to  zero,  as  might  be  expected, 
increases  or  decreases,  depending  on  the  value  of  the  field 
current.  During  this  same  interval  the  field  current  shows  a 
marked  decrease  in  some  cases  and  an  increase  in  other  cases  due 
to  change  in  armature  current. 
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The  osdllograms  taken  do  not  show  zero  voltage  during  the 
interval  the  line  switch  is  open  because  the  counter  e.mi .  of  the 
motor  is  recorded.  Since,  during  this  interval,  the  motor  is  not 
connected  to  the  supply  circuit,  the  counter  e.m.f.  will  follow 
the  field  excitation  alone  rather  than  the  combined  magnetizing 
effect  of  the  field  and  armature  current|s;^.thus  in  the  oscillograms 
representing  excess  field  excitation  the  counter  e.mi.  of  the  motor 
will  increase  (see  Fig.  15,  18  and  21),  and  in  oscillograms  repre- 
senting the  under-excited  condition  the  counter  e.m.f.  of  the 
motor  will  decrease  (see  Figs.  17,  20  and  22). 

When  the  switch  is  closed,  applying  the  higher  voltage  to  the 
motor,  there  is  a  momentary  rush  of  current  which  may  either 
decrease  to  a  minimum  value  and  then  gradually  increase  to  the 
steady  value,  or  may  gradually  decrease  to  the  steady  value. 
At  the  instant  of  application  of  the  higher  voltage,  the  field  cur- 
rent decreases  and  then  steadily  increases  to  its  original  direct- 
current  value. 

The  reason  for  these  relative  changes  in  voltage  and  current 
will  be  clear  when  it  is  remembered  that  the  field  winding  consti- 
tutes a  closed  circuit  in  inductive  relation  with  the  armature 
circuit,  and  currents  will  flow  in  this  circuit  in  a  direction  to 
oppose  any  change  in  the  flux  through  the  circuit.  Thus  when 
the  armature  voltage  is  changed,  requiring  a  proportional  change 
in  flux,  the  induced  current  in  the  field  circuit  will  decrease  the 
existing  current  if  the  flux  is  increased,  and  will  increase  the 
existing  current  if  the  flux  is  decreased.  This  is  true  whether  the 
existing  field  current  is  more  or  less  than  required  for  unity 
power  factor.  The  relative  changes  in  field  and  armature  current 
when  the  switch  is  opened  may  be  similarly  explained.  If  the 
motor  is  over-excited,  as  in  Figs.  15  and  18,  the  existing  armature 
current  has  a  large  demagnetizing  component.  When  this  is 
removed  by  opening  the  switch,  the  flux  tends  to  increase  so 
that  the  current  in  the  field  winding  decreases.  On  the  other 
hand,  if  the  motor  is  under-excited,  the  out-of -phase  component 
of  the  armature  current  is  magnetizing  and  when  this  is  inter- 
rupted the  flux  is  decreased  and  the  field  current  is  increased. 

In  the  operation  of  synchronous  motors,  it  has  been  noticed 
that  the  current  rush  in  changing  from  the  starting  voltage  to  the 
running  voltage,  the  motor  being  in  synchronism  on  the  low 
voltage,  is  much  larger  with  small  field  excitation  than  with  large 
field  excitation.  In  some  cases  the  current  taken  by  the  motor 
with  small  field  excitation  has  been  sufficient  to  open  the  circuit 
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breakers  or  damage  the  starting  equipment.  Various  theories 
have  been  advanced  for  this  observed  fact,  most  of  them  involv- 
ing the  different  phase  relations  existing  with  different  excita- 
tions. The  series  of  tests  under  discussion,  however,  show  that 
this  factor  has  little,  if  any,  effect  on  the  current  taken  by  the 
motor  under  the  operating  conditions  imposed,  and  that  the 
real  explanation  is  very  simple.  It  will  be  noticed  in  Figs.  15, 
18  and  21,  showing  the  action  with  maximtun  field  excitation, 
that  the  counter  e.m.f .  of  the  motor  during  the  interval  that  the 
switch  is  open,  increases  to  meet  the  higher  voltage  applied  when 
the  switch  is  closed.  In  Figs.  17, 20  and  22,  illustrating  the  action 
with  zero  excitation,  the  opposite  effect  on  the  coimter  e.m.f. 
is  observed,  the  counter  e.m.f.  falling  as  soon  as  the  switch  is 
opened.  Due  to  this  behavior  of  the  counter  e.m.f.,  there  exists 
only  a  small  difference  between  the  counter  e.m.f .  of  the  motor 
and  the  high  line  voltage  at  the  instant  the  switch  is  closed  when 
the  motor  is  over-excited,  and  there  exists  a  large  difference 
when  the  motor  is  over-excited.  To  check  this  point  quantita- 
tively, the  maximum  voltage  difference  at  the  instant  of  closing 
the  switch  and  the  maximum  current  rush  were  measured  on 
about  20  oscillograms  and  the  results  plotted  in  Fig.  23.  This 
curve  shows  an  approximate  proportional  relation  between  the 
increase  in  current  and  increase  in  voltage,  irrespective  of  the 
difference  between  applied  starting  voltage  and  applied  normal 
line  voltage,  and  irrespective  of  the  load  on  the  motor,  up  to  the 
value  of  load  used  in  the  tests. 

Whenever  the  phase  relation  between  current  and  voltage  is 
changed,  as,  for  example,  when  the  voltage  is  changed  with 
constant  excitation,  there  is  a  corresponding  change  in  space 
relation  between  the  rotor  and  the  magnetic  field  established  by 
the  stator,  which  requires  a  change  in  torque  and  current  to  ac- 
complish it.  The  fact  that  the  load  upon  the  motor  does  not 
affect  the  current  rush  shows  that  this  factor  does  not  have  a 
controUing  effect  on  the  current  taken  by  the  motor.  Again, 
the  rotor  will  slow  down  during  the  interval  the  armature  circuit 
is  open,  which  may  increase  or  diminish  the  required  change  in 
rotor  position.  This  also  has  had  very  little,  if  any,  effect  on  the 
current  in  the  tests  made,  but  the  interval  between  opening  and 
closing  the  switch  is  very  short,  less  than  two  cycles,  and  with  a 
longer  interval  this  factor  might  easily  become  the  controlling 
one.  Later  on,  oscillograms  will  be  shown  (Figs.  27  to  30)  illus- 
trating the  action  with  larger  loads,  and  the  effect  of  phase 
position  will  be  found  to  be  of  controlling  importance/^  t 
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The  relation  between  the  maximum  armature  current  at  the 
instant  of  change  in  voltage  and  the  field  excitation  is  shown  in 
Pig.  24  for  two  starting  voltages  and  with  no  external  load  on 
the  motor.  These  curves  have  been  drawn  in  such  form  that 
they  represent  the  familiar  V  curves  of  synchronous  motors 
with  the  addition  of  the  maximum  instantaneous  current  curves. 
This  maximum  current  curve  shows  graphically  the  large  increase 
in  maximtun  current  with  small  field  excitation.  From  these 
curves  the  armature  currents  for  the  various  stages  of  the  start- 
ing operation  can  be  obtained  for  any  value  of  field  excitation; 


0   aOO  400  600  800  1000  1200  1400  1600 

instantaneous  increase  in  voltage 

Pig.  23 — Relation  between    Instantaneous   Change  in  Voltage 
AND  Current  for  Three  Starting  Conditions.    200-kv-a.  Motor 


for  example,  with  40  amperes  field  excitation  the  motor  will 
take  a  steady  current  of  125  amperes  (curve  A)  on  ^  starting 
voltage.  In  throwing  over  to  normal  voltage,  the  maximum 
current  will  be  162  amperes  (curve  B)  and  wiH  settle  to  a  steady 
value  of  57  amperes  (curve  C).  Similarly,  when  starting  on  f 
voltage  instead  of  J,  and  with  the  same  excitation,  the  motor 
will  take  a  steady  current  of  95  amperes  (curve  D)  which  will 
decrease  to  the  value  of  46  amperes  (curve  E)  when  thrown  on 
full  volt^e  and  will  then  increase  slightly  to  57  amperes  (curve  C) 
as  the  steady  running  value.  The  initial  starting  currents  (not 
shown  in  Pig.  24)  are  159  amperes  at  |  voltage  and  328  amperes 
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at  \  voltage.  Fig.  24  illustrates  the  major  importance  of  field 
excitation  in  reducing  the  maximum  instantaneous  armature 
current  when  the  voltage  is  changed  from  the  low  to  a  high  value. 
As  a  matter  of  fact,  the  field  excitation  may  have  a  greater  effect 
on  the  maximum  annature  current  than  the  difference  between 
starting  and  running  voltages.    It  is  usually  considered  of  ad- 
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Fig.  24 — Relation   between  Armature  Currents  and  Field  Cur- 
rents—  No  External  Load — 200-kv-a.  Motor 


vantage,  in  reducing  the  maximum  current,  to  use  two  starting 
voltages  instead  of  one;  that  is,  starting  on  \  voltage,  changing 
to  f  voltage  and  then  applying  full  voltage  instead  of  applying 
full  voltage  immediately  after  starting  on  \  voltage.  Fig.  24 
shows,  however,  that  with  two  starting  voltages  and  low  excita- 
tion the  current  rush  may  be  greater  than  with  one  starting 
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voltage  and  high  excitation.  At  1540  volts  and  10  amperes,  field 
excitation,  the  steady  current  is  6  amperes,  which  increases  to  200 
amperes  when  2300  volts  are  applied.  On  the  other  hand,  at 
770  volts  and  35  amperes  field  excitation,  the  steady  current  is 
106  amperes  which  increases  to  160  amperes  when  2300  volts  are 
applied. 

For  the  complete  starting  operation,  the  minimum  starting 
current  is  obtained  by  starting  on  J  voltage  and  throwing  over 
to  full  voltage  after  synchronism  has  been  attained  and  maximum 
excitation  has  been  applied.  Under  these  circumstances,  the 
maximum  current  at  standstill  is  approximately  equal  to  th$ 
maximum  current  at  the  application  of  full  voltage.  If  §  volt- 
age is  initially  applied,  the  current  at  the  application  of  full  volt- 
age is  materially  reduced,  but  this  is  of  no  operating  importance 
as  the  initial  current  is  considerably  increased.  Also,  the  use 
of  an  intermediate  starting  voltage  such  as  }  voltage  between  | 
and  full  voltage  does  not  result  in  any  advantage,  as  in  changing 
from  i  to  full  voltage  the  maximtmi  ciurent  measured  by  oscillo- 
graph is  practically  the  same  as  at  the  application  of  the  initial 
starting  voltage.  Measured  by  ammeter,  the  current  at  change 
in  voltage  is  much  less  than  at  start. 

In  discussing  maximtmi  starting  currents,  a  distinction  must 
be  made  between  currents  measured  by  indicating  instruments 
and  currents  measured  by  oscillograph.  At  the  start  the  currents 
measured  by  these  two  methods  are  practically  equal  since  the 
starting  current  is  maintained  at  its  maximum  value  for  a  ntmiber 
of  seconds.  At  change  in  voltage,  however,  the  current  measured 
by  ammeter  very  often  bears  no  relation  to  the  actual  current 
measured  by  oscillogram  since  the  maximum  current  may  exist 
for  only  a  few  alterations. 

There  is  one  more  point  of  interest  in  connection  with  maxi- 
mum current  at  change  in  voltage  which  may  be  mentioned. 
Fig.  20  shows  the  condition  with  zero  excitation  and  closed  field 
circuit.  Fig.  25  shows  exactly  the  same  conditions  except  that 
the  field  drctiit  is  open.  Similarly,  Fig.  22  shows  the  same  con- 
ditions as  Fig.  20  except  that  the  motor  is  carrying  an  external 
load.  Fig.  26  shows  the  same  conditions  as  Fig.  22,  except  that 
the  field  is  open-circtdted  instead  of  short-circuited.  A  compari- 
son of  these  oscillograms  shows  a  marked  increase  in  current 
rush  with  open  field  circuit.  This  is  satisfactorily  explained  by 
the  restraining  effect  of  the  induced  field  current,  in  the  case  of 
the  closed  field  circuit,  on  any  change  in  flux. 
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IV — Motor  Running  on  Partial  Load  with  Field  Short-Cir- 
cuiTED  with  External  Load  but  not  in  Synchron- 
ism; Field  then  Excited  and  Synchronism 
Attained;  Full  Voltage  then  Applied 
In  the  cases  previously  considered,  the  motor  is  in  synchronism 
on  the  initial  starting  voltage  and  without  excitation.  Under 
these  conditions  the  maximum  load  the  200-kv-a.  motor  would 
carry  is  70  kw.  Obviously,  larger  loads  can.  be  pulled  into 
s)mchronism  by  exciting  the  motor  before  synchronism  is  attained 
and  depending  upon  the  excitation  to  pull  the  motor  into 
synchronism.  Unfortunately,  tests  under  these  conditions  could 
not  be  made  with  the  same  motor  that  was  used  for  the  previous 
oscillograph  tests.  The  two  motors,  however,  are  of  such  similar 
design  that  the  loads  carried,  considered  as  a  percentage  of  the 
motor  normal  rating,  may  be  fairly  compared.  The  70  kw.  car- 
ried by  the  200-kv-a.  motor  without  excitation  represents  35  per 
cent  of  the  normalrated  torque  of  the  motor.  The  150-kv-a.  motor 
synchronized  a  load  of  90  kw.,  or  60  per  cent  of  its  normal  rating 
with  maximum  excitation.  The  load  was  obtained  by  belting 
a  direct  current  generator  to  the  synchronous  motor  and  loading 
the  generator  on  resistance.  The  load  varies  approximately 
with  the  square  of  the  speed  (with  constant  resistance),  the  loads 
referred  to  being  the  maximtmi  load  at  synchronous  speed.  This 
condition  is  illustrated  in  Fig.  27.  The  oscillogram  clearly  shows 
how  the  phase  position  of  the  rotor  with  respect  to  the  armature 
current  and  flux  is  changed  by  the  application  of  field  excitation. 
During  the  interval  that  the  line  switch  is  open,  the  motor 
evidently  falls  behind  with  respect  to  the  phase  of  the  line  voltage 
to  such  an  extent  that  on  closing  the  switch  the  motor  is  not  in 
s)mchronism  with  consequent  abnormal  increase  in  armature 
current  and  variation  in  field  current.  Under  this  condition 
of  load,  therefore,  the  same  simple  relation  between  instantaneous 
increase  in  applied  voltage  and  resulting  current,  as  shown  in 
Fig.  23,  does  not  hold.  In  Fig.  27,  with  practically  zero  instan- 
taneous increase  in  voltage  the  maximum  current  is  approxi- 
mately 200  amperes.  In  Fig.  29,  with  1800  volts  increase,  the 
maximum  current  is  only  150  amperes. 

V — Motor  Running  on  Partial  Voltage  with   External 

Load  Excited  but  not  in  Synchronism;  Full  Voltage 

then  Applied  and  Synchronism  Attained 

Still  larger  loads  can  be  s)michronized  if  the  final  voltage  is 

depended  on  to  pull  the  motor  into  synchronism.    It  was  found 
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by  experiment  that  a  load  of  139  kw.  could  be  synchronized  in 
this  manner.  This  load  is  equal  to  92  per  cent  of  the  motor 
rating.  On  successive  trials,  loads  of  139  kw.,  133  kw^  and  123 
kw.  were  synchronized.  Further  increase  in  the  load  was 
limited  by  the  assumed  heating  limit  of  the  motor  windings. 
The  tested  loads,  therefore,  do  not  represent  the  maximum 
loads  that  can  be  synchronized  without  regard  to  other  limits. 
These  results  were  obtained  with  a  field  current  of  15.  amperes 
which  is  somewhat  less  than  the  current  required  for  normal 
voltage  on  open  circuit. '  Oscillograms  illustrating  this  condition 
are  shown  in  Figs.  28  and  29.  All  conditions  in  the  two  oscillo- 
grams are  the  same  except  the  loads  carried  by  the  motor.  In 
Fig.  28,  the  load  is  112  kw.,  and  in  Fig.  29,  139  kw.  In  both 
oscillograms  it  will  be  noticed  that  during  the  time  the  motor  is 
excited  on  low  voltage,  and  is  not  in  synchronism,  the  maximum 
armature  current  on  each  successive  swing  is  slightly  greater. 
This  indicates  that  the  condition  is  unstable  and  if  continued 
long  enough  the  motor  wiU  swing  far  enough  from  its  proper 
phase  position  to  lose  its  torque  and  stop. 

In  Fig.  30  is  shown  an  oscillograpi  for  the  same  conditions 
except  that  the  excitation  is  increased  to  35  amperes,  the  field 
current  resulting  from  125  volts  on  the  field  without  the  rheostat. 
The  load  at  synchronous  speed  is  110  kw.  Comparing  Fig.  30 
with  Figs.  28  and  29,  it  will  be  noted  that  the  increased  excita- 
tion is  detrimental.  The  armature  current  when  the  field  is 
excited  is  much  larger  and  the  current  increases  more  on'succes- 
sive  swings.  The  armattire  current  and  field  current  are  greatly 
increased  on  increase  in  voltage  to  normal,  and  it  requires  a 
longer  time  (six  complete  oscillations  instead  of  three)  for  the 
rotor  to  drop  into  exact  synchronism. 

The  probable  reason  for  the  better  performance  with  imder- 
excitation  is  the  more  advantageous  initial  position  of  the  rotor 
(with  respect  to  the  line  voltage).  With  under-exdtation  the  I 
rotor  is  ahead  of  the  field  due  to  the  line  voltage  and  witE  over-  ) 
excitation  the  rotor  is  behin3.  Consequently,  when  the  line 
voltage  IS  removedandlhe  rotor  drops  back  due  to  the  braking 
action  of  the  load,  it  is  not  so  far  out  of  phase  with  under-excita- 
tion  as  with  over-excitation.  This  explanation  can  only  apply 
when  the  rotor  is  in  S)mchronism  on  the  low  voltage  as  in  Fig.  27. 
When  the  motor  is  not  in  synchronism  on  the  low  voltage,  the 
phase  position  at  the  instant  of  change  in  voltage  is  not  deter- 
mined by  the  excitation,  but  by  chance. 
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The  coirt^lete  statement  of  the  effect  of  excitation  on  armature 
current  when  line  voltage  is  applied,  therefore,  becomes: 

With  motor  loads  such  that  the  motor  is  in  synchronism  before 
the  application  of  line  voltage  and  does  not  greatly  fall  back 
during  the  interval  the  line  switch  is  open,  the  maximum  current 
is  proportional  to  the  instantaneous  increase  in  voltage  and  over- 
excitation is  the  most  favorable  condition.  When,  however,  the 
motor  is  heavily  loaded  so  that  the  motor  is  not  in  synchronism 
before  the  application  of  line  voltage  or  does  greatly  fall  back 
during  the  interval  the  line  switch  is  open,  the  maximum  current 
depends  on  the  extent  to  which  the  rotor  is  out  of  phase  at  the 
instant  of  line  voltage  application,  and  under-excitation  is  gener- 
ally the  most  favorable  condition. 

In  practise  the  motor  is  usually  in  synchronism  on  the  start- 
ing voltage,  so  that  in  the  majority  of  cases  over-excitation  is  the 
best  condition. 

It  will  be  noted  from  the  oscillograms  that  these  large  loads 
have  been  started  and  synchronized  at  the  expense  of  excessive 
line  currents.  The  maximum  current  amounts  to  6 . 5  times  the 
rated  current  of  the  motor  with  under-excitation  and  to  9  times 
with  over-excitation.  This  large  ciurent  is  not  objectionable, 
providing  the  motor  rating  is  small  compared  with  the  generator 
capacity  supplying  it,  and  providing  the  motor  winding  and 
starting  equipment  have  been  designed  with  these  large  currents 
in  view.  It  should  also  be  borne  in  mind  that  the  motor  tested 
was  not  designed  specifically  for  this  service.  This  value  of 
starting  current  could  be  materially  reduced  by  modification 
of  the  design  of  the  motor  to  approach  more  closely  the  usual 
design  of  an  induction  motor  and  by  the  use  of  reactance  in  the 
starting  circuit.  It  will  be  noted  that  if  the  starting  current  is 
reduced  by  the  insertion  of  reactance  as  an  intermediate  step 
between  starting  and  line  voltage,  it  will  be  necessary  to  reduce 
the  current  rush  on  application  of  excitation,  if  any  material 
reduction  in  current  is  to  be  obtained,  as  the  latter  current  is 
nearly  as  large  as  the  current  rush  on  application  of  line  voltage. 
This,  obviously,  can  be  done  by  delaying  excitation  until  the 
motor  is  running  in  synchronism  on  line  voltage.  While  this 
method  of  starting  and  sjmchronizing  was  not  tried  with  the 
150-kv-a.  motor  used  for  the  oscillograms  shown,  it  has  been 
tried  with  other  motors  and  found  successful.  With  a  200-kv-a. 
6600-volt,  25-cycle  500-rev.  per  min.  motor  designed  to  drive 
a  mine  fan,  the  fan  load  amounting  to  200  h.p.  (represented  on 
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test  by  a  loaded  d-c.  generator)  was  started  and  sjmchronized 
with  a  maximum  line  current  (measured  by  oscillograph)  equal 
to  2.44  times  the  rated  current  of  the  motor.  Without  the  re- 
actance the  current  rush  on  chan^ng  from  the  starting  voltage 
of  5000  volts  to  line  voltage  of  6600  was  sufficient  to  trip  the 
circuit  breakers.  While  the  current  was  not  measured,  the  re- 
actance clearly  caused  a  large  reduction  in  current. 

The  main  facts  in  regard  to  synchronous  motor  starting  as 
discussed  in  this  paper  form  only  a  small  part  of  the  story  that 
the  oscillograms  might  tell,  as  the  result  of  a  complete  and  de- 
tailed analysis.  The  study  the  author  has  been  able  to  give  them 
has  been,  to  the  author,  both  interesting  and  profitable  and  in- 
dependent study  by  other  engineers  will,  it  is  felt,  be  well  worth 
while. 
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COMMUTATING-POLE  SATURATION  IN  D-C. 
MACHINES 


BY    HAROLD    E.    STOKES 


The  saturation  of  the  commutating  pole  is  one  of  the  principal 
factors  upon  which  depends  the  satisfactory  operation  of  d-c. 
commutating-pole  machines.  This  is  especially  the  case  in  such 
classes  of  machines  as  d-c.  rolling  mill  motors,  railway  generators 
and  other  d-c.  machines  having  to  withstand  heavy  momentary 
overloads.  Owing  to  the  difficulty  of  measuring  the  fluxes  com- 
bining to  produce  saturation,  under  normal  working  conditions, 
by  other  than  sensitive  laboratory  tests,  the  designing  engineer's 
knowledge  of  the  phenomena  attending  the  commutating-pole 
fluxes  has  lagged  somewhat  behind  their  application  in  com- 
mercial practise. 

Tests  have  been  made  at  various  times,  by  different  engineers, 
to  ascertain  the  saturation  of  commutating  poles,  and  as  far  as 
the  author  knows,  a  method  of  test  employing  the  ballistic 
galvanometer  has  always  been  used.  This  is  necessarily  a  test 
involving  considerable  refinement  and  can  scarcely  be  considered 
a  commercial  test  floor  method.  Hence,  most  designers  have 
been  satisfied  with  obtaining  sparkless  commutation,  or  if  brush 
potentials  gave  them  an  approximate  indication  of  the  working 
saturation  of  the  commutating  pole. 

A  method  of  obtaining  iron  saturations  and  losses  has  been 
used  by  Dr.  Gisbert  Kapp  for  transformers  and  other  stationary 
apparatus,  which  consists  in  varying  the  flux  density  by 
changing  the  excitation,  and  observing  the  time  of  change,  the 
exciting  ampere-turns  and  the  voltage  induced  in  an  auxiliary 
coil  enclosing  the  iron  section  carrying  the  fluxes  to  be  investi- 
gated.    This  method  has  been  adapted  by  the  author  for  the 
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purpose  of  obtaining  commutating  pole  sattirations  under  normal 
working  conditions.  Satisfactory  results  have  been  obtained 
and  owing  to  the  method  being  devoid  of  the  extreme  refinement 
necessary  to  secure  good  results  by  the  ballistic  method,  can  fre- 
quently be  employed  by  the  ordinary  test  floor  staff. 

The  machine  to  be  tested  has  the  armature  fixed  to  prevent 
movement  and  the  various  windings — armature,  series,  shunt 
coils  and  commutating  pole  coils — connected  for  operation  as  a 
motor.  The  shunt  coils  are  excited  to  their  normal  value  of 
current.  A  coil  consisting  of  a  few  timis  of  flexible  wire  is  wound 
around  the  commutating  pole  at  the  point  to  be  investigated, 
and  the  ends  connected  to  a  millivoltmeter. 

By  varying  the  cturent  flowing  through  the  commutating  pole 
coils,  a  deflection  is  obtained  on  the  millivoltmeter  due  to  the 
varying  flux  at  the  part  of  the  commutating  pole  embraced  by 
the  coil.  By  suitably  varying  the  current  through  the  machine 
so  as  to  obtain  an  almost  constant  deflection  on  the  millivolt- 
meter, observations  of  main  current,  millivoltmeter  deflection 
and  time  in  seconds,  can  be  made.  From  these  observations, 
the  saturation  of  the  commutating-pole  at  various  loads  and 
under  working  conditions  can  be  calculated. 

The  determination  of  the  best  number  of  ttirns  and  resistance 
to  be  used  in  the  exploring  coil  and  the  method  of  calculation 
are  as  follows: 

e  =  r-^10-«  =  7'^-^.10-« 
€U  at 

and 

e  dB 


108 


T  A         dt 

Integrating,  we  have 


B 

dB 


h'-^'i 


'     <10«  =  B,  and/  =     -^^^ 


T  A  '  e  10» 

BTA 
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Where  e  =»  Volts  induced  in  exploring  coil 

T  =  Number  of  turns  in  exploring  coil. 

A  =*  Cross-section  area  of  commutating  pole. 

N  =  Flux  linking  exploring  coil. 

t    =  Time  in  seconds. 

B  =  Flux  density  in  commutating  pole. 
The  approximate  commutating-pole  flux  entering  the  armature 
is  known  to  the  designer  and  is  of  a  dimension,  say  500,000  c.  g.s. 
lines.  The  commutating-pole  section  is  say  100  sq.  cm.,  giving 
B  =  5000.  A  time  of  about  25  seconds  is  necessary  to  vary  the 
main  ciirrent  from  zero  to  the  maximum  value  and  obtain  the 
necessary  readings.  A  reading  of  two  millivolts  is  assumed  and 
the  number  of  turns  in  exploring  coil  follows  from  the  above 
formulas: 


0.002  =  rx  100  ^X  10~» 


0.002  X  25  X  lO'^ifl 
100  X  5000 

The    resistance    of    the    coil    shoidd    be    low    enough    so 
as  not  to  absorb  a  large  proportion  of  the  induced  volts  in  the 
exploring  coil.     The  actual  volts  induced 
e  =   millivoltmeter  reading  multiplied  by 

resistance  of  millivoltmeter  +  resistance  of  exploring  coil  .^v 
resistance  of  millivoltmeter. 

Generally  speaking,  if  the  resistance  of  the  exploring  coil  does 
not  exceed  about  0.2  to  0.3  ohms,  while  the  resistance  of  a 
millivoltmeter  reading  10  millivolts  full  scale  reading,  is  1.0 
ohm,  satisfactory  results  will  be  obtained  even  on  small  machines 
with  a  commutating-pole  flux  of  small  dimensions. 

Formula  (1)  is  based  on  a  constant  — r — - — tt^ giving    a 

^  change  of  time    ^ 

constant  induced  voltage  in  coil,  but  as  in  practise  it  is  difiicult 
to  vary  the  current  in  the  machine  at  such  a  rate  as  to  give  a 
constant  change  of  flux  with  regard  to  time,  it  is  sufficient  if  the 
current  is  varied  at  such  a  rate  as  to  enable  the  operator  to  ob- 
tain steady  voltage  readings,  taking  periodically  every  three 
seconds  simultaneous  readings  of  current  and  timeg.u.cuuydoOQlC 
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Connections  are  made  as  in  Fig.  1 ;  the  shunt  coils  are  sepa- 
rately excited  to  normal  value  and  a  booster  capable  of  giving 
three  or  four  times  full  load  current  is  used  to  supply  current  to 
the  machine  undergoing  the  test.  The  current  is  varied  at  a 
suitable  rate  by  means  of  a  rheostat  in  the  booster  field,  which  is 
separately  excited.  With  the  exploring  coil  around  the  tip  of 
commutating-pole,  starting  from  zero,  increase  the  current 
through  the  machine  at  a  suitable  rate ;  take  readings  as  described 
above  until,  as  the  commutating-pole 
approaches  saturation,  the  millivolt- 
meter  reading  begins  to  decrease. 

At  the  point  where  the  conmiuta- 
ting-pole  flux  entering  the  armature 
reaches  a  maximum  value,  the  milli- 
voltmeter  will  be  reading  zero  and 
any  increase  in  the  load  ciurent  will 
result  in  a  decrease  in  the  flux  en- 
tering the  armature  and  threading 
the  exploring  coil.  This  decrease 
will  produce  a  reverse  reading  in  the 
millivoltmeter. 

A  complete  set  of  positive  and 
reverse  readings  should  be  taken 
until  the  load  current  is  carried  as 
high  as  conditions  will  permit.  The 
change  of  flux  can  be  calculated  for 
each  set  of  readings  taken,  from 
formula  (1),  by  substituting  time  in 
seconds  between  each  reading  and 

volts  obtained  on  the  millivoltmeter.    ^.^^fifcrmcter.  double  reading. 

From  the  summation  of  the  fluxes  ^  ^^^^,'^^^^,^'^^^'11;^^^^ 

thus     obtained,     a   saturation    curve    d.  AmmeU^rT^S^'^SiJh  annature . 

can   be   plotted,   showing  flux   and  g.  BooTrfuSHSd  riliS^^^^^^^^ 
exciting  ampere-ttirns. 

Fig.  2  shows  a  saturation  curve  (a)  taken  at  the  commutating- 
pole  tip  while  curve  (b)  shows  commutating-pole  saturation 
at  the  junction  with  the  frame.  To  obtain  curve  (a),  the  load 
current  was  increased  until  the  direction  of  the  interpole  flux 
entering  the  armature  was  reversed  at  point  X,  due  to  the  com- 
mutating-pole ampere- turns  being  all  absorbed  in  balancing  the 
armature  ampere-turns  and  in  pushing  the  leakage  flux  through 
the  commutating-pole.     To  obtain  curve  (&),  the  exploring  coil 
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was  placed  round  the  commutating-pole  as  near  to  the  magnet 
yoke  as  possible.     Readings  were  taken  as  for  curve  (a).     The 

leakage  ratio,  at  any  load,  is  given  by and  is  practically  con- 
stant until  the  flux  approaches  the  knee  of  the  saturation  curve. 

While  it  is  of  only  secondary  importance  to  know  the  point 
in  the  load  at  which  the  useful  flux  becomes  zero,  it  is  of 
great  importance  to  be  able  to  predetermine  the  useftd  flux  at 
the  maximum  overload  at  which  the  machine  is  to  operate. 
Satisfactory  commutation  at  the  maximum  overloads  is  depend- 
ent on  a  reasonably  accurate  predetermination  of  the  useful 
commutating-pole  flux. 

Fig.  3  shows  the  ampere- turns  on  the  commutating-pole 
available  for  driving  the  useful  flux  into  the  armature.     O  B 


comm.  pole  amperes 
Pig.  2 


Curve  id)  shows  useful  commutatinff  pole  flux  entering  armature. 
Curve  (b)  shows  commutating  pole  flux  against  yoke. 


shows   commutating-pole    ampere-turns 

current. 

With  a  ratio 


plotted    against   load 


commutating-pole  ampere-turns 


=  1.5, 


armature  ampere-turns 

0  A  represents  armature  ampere-turns  at  any  load.  The 
horizontal  length  between  0  B  and  0  C  shows  the  ampere- 
tiuTis  taken  to  ptish  the  useftd  and  leakage  flux  through  the 
commutating-pole  iron;  thus,  at  full  load,  the  iron  ampere- 
turns  are  almost  zero,  while  at  two  and  one  half  times  full  load 
the  iron  ampere-turns  are  represented  by  A"  B". 

The  excess  of  commutating  pole  over  armature  ampere-turns, 
is  given  at  full  load  hyD'B'-D'A'^A' B\  and  as  the  iron 
ampere  turns  are  negligible,  the  full  amount  A'  B'  is  availabl 
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to  push  the  useful  flux  into  the  armature.  At  two  and  one  half 
times  full  load  the  iron  ampere-tums  are  shown  by  C"  5"  and  are 
equal  to  the  excess  ampere-turns  A''  5".  At  this  point  in  the 
load,  the  ampere-tums  required  to  balance  the  armature  ampere- 
tums  are  given  by  I>"  ^4",  and  the  excess  is  all  absorbed  in 
pushing  leakage  flux  through  the  commutating  pole,  so  there  is 
left  zero  ampere-ttims  to  push  useful  flux  into  the  armature. 
At  this  point,  therefore,  the  useful  flux  becomes  zero,  and  corres- 
ponds to  point  X  in  Fig.  2.  At  loads  greater  than  two  and  one 
half  times  full  load,  the  ampere-tums  to  push  the  leakage  flux 
through  the  commutating  pole  exceed  the  excess  ampere-tums 
and  there  are  insufiicient  ampere-tums  to  balance  the  armature; 
in  consequence  the  direction  of  the  useful  flux  is  reversed. 

Fig.  3  is  useful  in  obtaining  a  clear  conception  of  the  forces 


COMM.  POLE  AivlP.  TURNS 

Fig    3 

4 

acting  at  various  loads  to  produce  the  useful  flux  for  commutation; 
the  length  A'  B'  may  be  considered  as  representing  reactance 
volts  at  full  load  due  to  the  reversal  of  the  ciurent  in  the  armature 
coils  undergoing  commutation.  The  shaded  area  shows,  at  any 
load,  the  uncompensated  reactance  volts,  and  this  figure  should 
not  exceed  the  permissible  value  for  successftd  operation  at  the 
maximtmi  overload  at  which  the  machine  is  to  operate. 

Tests  made  on  machines  of  different  characteristics  show  a 
wide  difference  in  the  point  X  (Fig.  2)  at  which  load  current  the 
reversal  of  the  useful  commutating-pole  flux  takes  place.  An 
eight-pole  generator  designed  for  normal  overload  capacity 
showed  the  reversal  point  X  occurring  at  about  four  times  full 
load  current,  while  a  six-pole  machine  showed  the  useful  flux  jto 
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be  still  about  70  per  cent  of  its  maximtim  value  at  a  load  of 
five  times  ftill  load;  the  reversal  point  X  would  probably  not 
occur  until  a  load  current  of  10  to  12  times  full  load  ciurent  was 
reached. 

In  Fig.  2,  the  dotted  line  a  a\  drawn  through  the  straight 
part  of  curve  (a),  the  useful  flux,  represents,  in  its  ordi- 
nates,  the  reactance  volts  at  any  load,  thus  a'  B  —  a  B  gives 
the  uncompensated  reactance  volts,  to  a  certain  scale,  corres- 
pending  to  the  load  b.  It  is  therefore  important  that  the  actual 
curve  a  a  shotdd  lie  along  the  straight  line  a  a'  within  the  limits 
of  operation  of  the  machine.  The  part  a'  a,  representing  the 
dimension  of  imcompensated  reactance  volts,  shotdd  not  be 
greater  than  experience  shows  to  be  the  maximum  for  reason- 
ably sparkless  commutation. 

A  consideration  of  Fig.  2  shows  that  the  surprising  difference 
at  which  the  point  X  occurs,  in  six-  and  eight-pole  machines,  is 
due  mainly  to  the  leakage  ratio  R,  at  the  straight  part  of  the 
leakage  and  useful  curves  occurring  at  light  loads.  This  ratio 
is  termed  the  initial  leakage  ratio  throughout  the  following 
discussion.  In  the  eight-pole  machine,  the  initial  leakage  ratio 
was  foimd  to  be  about  2 .  15,  while  the  six-pole  machine  gave  a. 
figure  of  1.0. 

The  symbols  given  are  used  in  the  following  discussion. 
Bu  =  Useful  flux  density  in  air  gap  of  commutating  pole. 
Bi  =  Leakage  flux  density  in  commutating  pole  at  yoke. 
Bt  =  Total    flux    density   in    commutating  pole  at    yoke 

=^  Bu  +  Bi 
Ku  =  Coefficient  of  useful  flux  =  gap  length  X  0.8  X  gap. 

coefficient. 
Ki  =  Coefficient  of  leakage  flux   =   effective  leakage  gap 
length  X  0.8. 
i4.  r.  =  Ampere- turns. 
A.  Tt  =  Total    ampere-turns  on  commutating    pole  minus 

armature  ampere-turns 
A.  Ta  ="  Ampere  turns  for  pushing  leakage  flux  across  effec- 
tive leakage  space. 
A,  Tt  =  Total  commutating  pole  ampere-turns. 
A.  Ti  =  Total  iron  ampere  turns  for  useful  and  leakage  flux. 
A  Ti 


Ri 


AT. 


Total  commutating  pole  ampere-turns 

Total  commutating  pole  ampere  turns — armature  ampere  turns  T^ 
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Fig.  2  shows  that  until  some  degree  of  saturation  is  reached  in 
the  commutating  pole,  the  curves  showing  the  useful  and  total 
flux  are  straight  line  curves,  and  hence  the  leakage  flux,  i.e,, 
total  flux  minus  useful  flux,  is  also  a  straight  line  curve  for  so 
long  as  the  total  and  useful  curves  are  straight.  It  is  therefore 
evident  that  the  leakage  gap  can  be  represented  by  a  certain 
definite  equivalent  gap  length  with  the  total  ampere-turns  as 
effective  over  that  gap  length.  The  above  symbol  Ki  is  thus 
obtained: 

A.  Ta=-  BiX  Ku  and  Ki  =  ^'  ^" 


Bi 

For  the  purpose  of  this  discussion,  it  is  assumed  that  the  com- 
mutating-pole  is  of  uniform  section  from  tip  to  junction  with  the 
yoke  and  therefore  Bu  in  gap  will  also  be  of  the  same  dimension 
as  Bu  in  the  pole. 

A.  Tt  =  KiBi  +  A  Ti 
and 

A,T, 


A.  T.  =  KuBu  +  A  Ti  = 


Ri 

substituting  for  A  Tt,  and 

K,B,  +  ATj_  ^K,Bu  +  ATi 


Ri 

KiBi  +  ATi^  Ri  Kn  Bu  +  RiA  Ti,  and  Bt  =  B,  -  Bu 

Therefore 

K,B,  -  K,B,  =  RiKuBu  +  R,A  Ti  -  A  Ti 
K,  Bu  +  Ri  Ku  Bu  =  K,B,-  R,A  Ti  +  A  Tt 
Bu  (K,  +  Ri  Ku)   =K,B,-A  Ti  {R,  -  1) 


K,B,-A  TijR,-  1) 
Ki  +  Ri  Ku 


B       _         I\.lDl    —   A    1  i(JS.I    —    i.)  /J^ 


With  known  values  of  Ki,  Ku  and  Ri,  the   formula   becomes 
simply 

Bu=-  (X)B,-  iY)A  Ti 

By  assuming  a  series  of  values  for  S«,  the  corresponding  values 
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of  Bu  can  be  directly  determined.      The  values  of  load  current 
corresponding  to  values  of  Bu  can  then  be  obtained. 

ATa^  BiXKi 
where 

Bi  =  Bt  ^  Bu 

ATt^ATi  +  ATa 


and  load  current  = 


ATt 


commutating-pole  tiuns. 


Curves  frfr' Kl    -2.2,     Ku    -0.645. 

CurvMcc' Kl    -1.1      Ku    -1.63. 


Annature  A.  T, 
Comm.  pole  A.  T. 

Armature  A.  T. 
Comm.  pole  A.  T. 

Armature  A.  T, 


-  1.35 

-  1.9 


Comm.  pole  A.  T. 

Curveidrf' Kl    -1.1.     Ku   -0.646.      -1.35 

Armature  A.  T. 


From  the  machines  tested,  the  values  of  Ri,  Ku  and  Ki  were 
obtained.  These  values  were  substituted  in  formula  (1)  and 
values  of  Bu  and  Bt  obtained  and  plotted  against  the  load  cur- 
rent. The  tested  and  calculated  values  of  Bu  agreed  pretty 
closely.  In  making  the  calculation,  the  A  Ti  were  taken  for  a 
uniform  density  along  the  full  length  of  pole,  and  even  with  this 
approximation,  the  calculated  Bu  did  not  differ  more  than  13 
per  cent  from  the  tested  figure  up  to  a  load  of  about  four  times 
full  load  current. 
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Fig.  4  shows  a  series  of  calculated  curves  plotted  for  the  eight- 
pole  machine  tested,  with  varying  values  of  initial  ratio,  R,  Ki 
and  Kw  From  these  curves  it  is  seen  that  the  dimension  of 
Ki  is  the  principal  factor  in  keeping  the  useful  flux  Bu  along  the 
straight  line  drawn  through  the  initial  useftd  flux  line.  Thus  if 
Ki  is  low,  the  ctu^e  showing  Bu  will  fall  away  from  the  straight 
line  representing  reactance  volts,  marked  x  in  Fig.  4,  at  lower 
values  of  load  current  than  for  high  values  of  Ki  These  curves 
also  show  that  Ri,  or  stated  in  another  way,  the  ratio 

commutati  ng-pole^l  T 


armature  A  T 

has  little  effect  in  maintaining  the  curve  Bu  along  the  straight 
line  X.  Curves  a  a'  and  h  &'  show  the  useful  and  total  commu- 
tating  pole  flux  with  Ki  =  2.2  and  Kur=  1 .  53  and  0 .  645  respectively. 
The  useful  flux  curve  sticks  closely  to  the  line  0  X  representing 
reactance  volts  up  to  a  point  corresponding  to  twice  ftdl  load 
current.  The  curves  c  c'  and  d  d'  show  the  useful  and  total  flux 
with  Ki  ^  1.1  and  Ku  =  0.645  and  1.53  and  giving  ratios  of 

commutating.tK)le^.  T.   ^  i  35  ^^^  1 .9  respectfully.    In  both 
armature  A,  T, 

these  cases  the  useful  flux  curve  drops  off  rapidly  at  about 
1 .  45  times  Jull  load  current.     The  usefulness  of  the  higher  ratios 

commutating-pole  i4 .  T.      .      «.    ^    ,       ^i.      .  j    •  •..•  i 

7 —     A    1- IS  offset    by    the    mcreased    imtial 

armature  A.  T, 

ratio  of  Jeakageflux 


useful  flux 
In  using  the  formula 

5^^     KiBr-A  TijRf-  1) 
Ki  +  RiKu 

to  ascertain  the  commutating  characteristics  of  a  new  design  at 
the  maximtun  operating  loads,  it  is  necessary  to  obtain  the  values 
of  Ku  and  Ki\  the  former  may  be  readily  figured  as  given  above, 
X«  =  /,  X0.8  XXf 

Where  Ig  =  commutating- pole  gap  length  in  cm. 

Kg  =  gap  coefficient  as  obtained  by  Carter's  or  Arnold's 
method. 
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To  determine  the  dimension  of  Ki,  a  consideration  of  the  paths 
taken  by  the  commutating-pole  and  main  pole  leakage  and  their 
dependence  on  the  relative  magnetomotive  forces  producing 
them,  is  necessary.  It  has  been  shown*  that  the  usefid  armature 
fluxes  due  to  the  main  and  commutating-poles  in  any  part  of 
the  iron  circuit,  are  given  by  the  algebraic  sums  of  the  values  of 

magnetomotive  forces 
reactance 


producing  the  flux  in  the  path  under 


consideration. 

Figs.  5  and  6  show  the  distribution  of  the  useful  fluxes  in  the 
magnetic  circuits  of  a  two-pole  machine  with  commutating  poles. 
Fig.  5  shows  the  main  poles  excited  while  the  commutating 


Fig.  5 


Fig.  6 


poles  .are  unexcited.  Three  lines  are  shown  in  the  main  air  gap, 
a  dotted  line  representing  one-half  line.  Fig.  6  shows  the  same 
excitation  of  the  main  poles  and  in  addition  the  conunutating 
poles  are  excited  so  that  there  is  one  line  in  the  commutating- 
pole  air  gap. 

These  figiires  show  that  the  part  of  the  frame  forming  a  path 
common  to  the  main  and  commutating-pole  flux  has  its  flux 
density  increased  by  one-half  of  the  commutating-pole  flux,  when 
the  commutating-pole  is  excited;  that  part  of  the  frame  forming 
a  path  not  common  to  the  main  and  commutating-pole  flux  has 
the  flux  density  reduced  by  one  half  of  the  commutating-pole  flux. 

By  applying  a  similar  process  of  reasoning,  it  can  be  shown 
that  the  main  and  commutating-pole  leakage  fluxes  follow  a 
distribution  closely  similar  to  that  of  the  useful  fluxes. 

*  Brunt  in  EUdrical  Review  and  Western  Electrician,  Sept.  9,  1911,  p. 
614. 
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In  Fig.  7,  the  leakage  paths  of  main  and  commutating  poles 
are  shown,  the  magnetomotive  forces  being  represented  by  E 
and  e  for  main  and  commutating  poles  respectively.  The  flux 
and  reluctances  of  the  various  paths  are  represented  by  /,  R  and  r. 
Applying  Ohm's  and  Kirchoff's  laws,  the  fltixes  in  the  various 
paths,  with  an  assumption  of  a  constant  reluctance  will  be  as 
given  below. 

With  only  main  poles  excited 


/i  = 


2£ 


2Ri  +  Rt  +  Rz 


1,^1^^  1,^1,^ 


2Ri  +  Rt  +  R, 


Pig.  7 


With  only  commutating  poles  excited 


2e 


and 


2r  +  Rt+  Ri 


2r  +  Rt  +  Rz 


(1) 


(2) 


With  both  main  and  commutating  poles  excited. 

Since  the  effect  of  the  two  main  poles  on  the  commutating 
poles  is  to  neutralize  one  another  as  is  also  the  effect  of  the  two 
commutating  poles  in  regard  to  the  main  poles,  then  the  flux  in 
the  commutating  poles  and  main  poles  will  be  the  same  for  the 
same  excitation,  as  for  the  cases  considered  with  main  and  com- 
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mutating  poles  individually  excited  without  the  other.     The 
flux  in  the  leakage  paths  between  poles  is  given  by  the  following: 


/.  =  /«  = 


+ 


2Ri  +  Rt  +  R*     '    2r  +  Rt  +  Ri 


(3) 


/.  =  /i 


2Ri  +  R,  +  R»         2r  +  R,  +  R, 


(4) 


A  comparison  of  formulas  1,  2,  3  and  4  shows  that  the  leakage 
flux  after  the  introduction  of  the  commutating-pole  excitation, 
is  increased  in  the  paths  common  to  both  main  and  commutating- 
pole  leakage,  by  one  half  of  the  commutating-pole  leakage.  In 
the  paths  not  common  to  both  fluxes,  the  flux  is  decreased  by  one- 


FiG.  8 


Fig.  9 


half  the  commutating-pole  leakage  flux.  The  distribution  of  the 
commutating-pole  leakage  flux  is  therefore  very  similar  to  that 
of  the  useftd  flux. 

Figs.  8  and  9  show  the  distribution  of  three  leakage  lines  before 
and  after  the  commutating  pole  is  excited.  Compare  these  with 
Pigs.  5  and  6  showing  the  distribution  of  the  useftd  armatture 
flux. 

At  low  saturation,  Ru  r  and  Ri  may  be  neglected  and  equations 
3  and  4  become 


It  and  I  A  — 


/a  and  /§ 


E            e     _   E+e 
Rt         Rt          Rt 

E            e          E-e 
Rt         Rt          Rt 
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2E 
Rt 


The  commutating  pole  leakage  becomes 

2e 

At  a  point  in  the  load  where  £  «=  e,  and  assuming  that  the 
leakage  paths  of  the  main  and  commutating  poles  have  the 
same  reluctance,  the  leakage  is  all  absorbed  by  the  commutating 
pole.  Fig.  10  represents  the  leakage  flux  distribution  for  this 
condition.     If  the  machine  under  consideration  is  shunt  or  com- 


Fig.  10 


Fig.  11 


pound-wound,  a  further  increase  in  the  load  current  would  give 
e>  E.  As  in  all  normal  designs,  the  total  main  flux  is  consider- 
ably in  excess  of  the  commutating  pole  fltixes,  the  distribution 
of  the  leakage  flux  will  always  be  similar  to  that  shown  on  Pig. 
11,  i,e,,  the  commutating  pole  fluxes  will  take  a  path  through 
one  of  the  adjacent  main  poles  and  will  not  travel  completely 
round  the  magnet  frame  to  the  next  commutating  pole.  Thus 
at  loads  when  e  >  £,  the  commutating  pole  leakage  comprising 
the  excess  of  commutating  pole  leakage  over  main  pole  leakage 
must  take  a  local  path  as  shown  in  Fig.  11. 

Some  leakage  taking  a  local  path,  however,  exists  before  the 
point  in  the  load  is  reached,  at  which  e>  E, 

Fig.  12  shows  a  two-pole  commutating  pole  machine,  having 
a  mean  air  leakage  path  of  2  /  or  /  per  pole.  The  mean  leakage 
path  to  the  frame  is  /l. 
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At  a  point  A  in  the  frame,  there  will  be  a  leakage  due  to  the 
left-hand  pole,  proportional  to 

A,  r. 


/i 


-,     where     A,    T.    ^   ampere-turns     per     pole. 


Due    to    the    right-hand    pole    there    will    be    a    leakage  to 

AT. 
At    proportional  to  — -, — -  but  in  the  opposite  direction  to 

leakage  due  to  left-hand  pole.     Hence  the  actual  leakage  in 
path  /i  will  be  proportional  to 


A.  T. 
h 


^•^  =^.r  ^^-^ 


It 


hit 


In  a  two-pole  machine,  the  difference  between  the  lengths 

/i  and  1%  is  much  greater  than 
the  difference  existing  in  say  a 
twelve-pole  machine.  On  this 
account  the  local  leakage  or 
leakage  direct  to  the  frame,  will 
be  generally  much  greater  in 
machines  with  a  low  number  of 
poles,  than  in  machines  having 
a  high  number,  the  same  am- 
pere-turns per  pole  and  length 
of  local  leakage  path  lu  prevail- 
ing in  either  case.  This  effect 
is,  however,  more  than  over- 
balanced by  the  decreased  length  of  the  path  /,  and  the  conse- 
quent increase  of  leakage  direct  to  the  pole  occurring  in  machines 
having  a  high  number  of  poles. 

The  local  pole  leakage  will  have,  in  addition  to  path  /,  paths 
U  at  the  ends  of  the  pole,  toward  the  commutator  and  rear 
end.  This  leakage  will  also  be  modified  by  the  adjacent  pole 
as  described  above  in  connection  with  the  local  leakage  at  the 
sides. 

The  local  leakage  paths  should  generally  be  treated  separately 
and  stunmed  up  into  a  single  expression 


Fig.  12 


Ni 


A,  T. 
h 


Ni  «  local  leakage  per  commutating  pole. 

Ni  «  direct  pole  to  pole  leakage  per  commutating  pole. 
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N  =  total  leakage  ==  Ni  +  Nd 
Nm  =  direct  main  pole  leakage  per  pole. 
i4.  r.  =  ampere-tums   per   commutating-pole. 
//  =  mean  corrected  length  of  the  local  paths. 
Id  =  mean  length  of  direct  pole  to  pole  paths. 

The  direct  commutating  pole  leakage,  i.e.,  pole  to  pole  leakage, 
may  be  treated  in  a  similar  manner,  a  number  of  paths  plotted 
and  a  resultant  expression  obtained: 

AT  ^'   ^• 

Nd  =  -^- 

The  total  leakage  per  pole,  before  saturation  is  reached,  will 
then  be  given  by  the  expression,  N  —  Ni  +  Nd- 

It  does  not  necessarily  follow,  even  before  saturation  occtirs 
in  the  iron  parts  of  the  leakage  path,  that  N  will  be  proportional 
to  the  A,  T.  ot  the  commutating  pole  as  there  are  other  factors 
exercising  an  influence.  Consider  a  shunt  machine;  at  light 
loads  e  <E,  and,  asstuning  no  sattiration  in  the  iron  parts  of  the 
leakage  path,  the  direct  leakage  Nd,  is  proportional  to  the  ampere 
tiUTis  on  the  pole;  this  statement  also  applies  to  the  local  leak- 
age Ni.  At  load  where  e>  E  the  direct  leakage  Nd  will  remain 
stationary  while  Ni  will  increase  proportionally  with  the  load 
and  ampere  ttuns  on  the  commutating-pole.  Further,  it  may 
happen  that  the  main  pole  leakage  taking  the  low  resistance 
path  through  the  commutating-pole,  has  the  effect  of  producing 
some  degree  of  satturation  in  the  commutating  pole.  In  cases 
of  normally  designed  machines,  it  does  not  seem  that  this  factor 
has  much  influence,  however. 

From  the  above  it  is  seen  that  there  may  be  two  different  di- 
mensions of  initial  leakage,  the  earlier  one,  in  point  of  load,  being 
given  by  the  expression 


The  second  dimension  occurring  after  a  point  in  the  load  has 
been  reached  where  the  commutating  pole  leakage  is  greater 
than  the  main  pole  leakage,  will  be  given  by 
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Where  A  Th  ^^  the  commutating  pole  ampere-turns  at  a  load 
where  the  direct  commutating  pole  leakage  balances  the  direct 
main  leakage;  thus  in  a  shunt  machine,  the  latter  part  of  the 

formtda  (  — r— ^  I  ,  will  be  a  constant  at  all  loads  higher  than  that 

at  which  the  balance  between  direct  main  and  commutating 
pole  leakage  is  reached. 

To  obtain  close  restdts  when  figuring  the  value  of  Bu  from  the 
formtda 

„  KiBt-A  TiiRi^  1) 


Ki  +  Ri  Ku 

it  is  therefore  necessary  to  obtain  two  values  of  Ki,  one  for 
N  <  NM  and  the  other  for  N  >  Nm-  Ki  will  always  have  two 
values,  excepting  the  case  of  a  series-wound  machine,  when 
N/Nm  will  have  an  almost  constant  relation. 

It  was  previously  stated  that  the  commutating  pole  ampere- 
turns,  A  Ti,  were  taken  for  the  density  at  the  root  of  the  pole, 
in  using  the  formtda  for  Bu.  This,  obviously,  is  not  quite  cor- 
rect, as  the  density  tapers  off  towards  the  armature;  however, 
from  the  author's  experience,  a  comparison  of  calculated  and 
test  results  appears  to  show  sufficiently  near  restilts  to  justify 
the  approximate  method. 
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CONSTANT  VOLTAGE  TRANSMISSION 


BY  H.  B.  DWIGHT 


For  deciding  upon  the  method  of  operation  of  a  transmission 
system,  two  distinct  alternatives  are  presented,  one  of  which  has 
been  brought  forward  but  recently.  In  the  older  method, 
which  is  the  one  in  common  use,  the  voltage  of  the  system 
is  controlled  entirely  from  the  generators.  The  chief  disad- 
vantage is  the  large  variation  in  voltage,  which  is  indeed  the 
factor  limiting  the  carrying  capacity  of  the  system.  In  the 
newer  method,  there  is  no  voltage  variation  at  all,  this  result 
being  obtained  by  controlling  the  voltage  from  both  the  genera- 
ting end  and  the  receiving  end.  The  newer  method  also  increases 
several  fold  the  carrying  capacity  of  a  transmission  line.  This 
new  constant-voltage  method  has  been  used  successfully  in 
commercial  operation,  though  as  yet  only  on  small  systems.  It 
offers  large  advantages  both  in  better  service  and  in  lower  cost, 
over  the  usual  varying- voltage  method. 

It  is  proposed  to  make  a  comparison  in  the  following  para- 
graphs between  the  two  methods,  dealing  especially  with  the 
reduction  in  cost  made  possible  for  large  power  systems,  the 
reliability  of  the  new  method,  and  the  ways  in  which  the  new 
method  of  operation  may  influence  the  design  of  transmission 
systems. 

The  method  in  common  use  with  transmission  lines  needs 
but  little  description  as  it  consists  merely  of  controlling  the  vol- 
tage on  the  line  by  adjusting  the  voltage  of  the  generators  supply- 
ing the  power.  Since  at  no-load  the  two  ends  of  the  line  are 
at  approximately  the  same  voltage,  while  under  load  there  is 
considerable  drop  at  the  receiver  end,  a  variation  in  voltage  is 
unavoidable  as  tihe  load  increases  or  decreases.    This  variation 
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may  take  place  at  the  generator  end  or  the  receiver  end,  as  de- 
sired, but  in  either  case  it  puts  a  limit  on  the  amount  of  power 
which  the  line  can  transmit.  A  system  which  delivers  electric 
power  to  a  customer  at  a  voltage  varjdng  10  or  15  per  cent 
throughout  the  day  is  not  considered  to  be  giving  good  service, 
as  the  operation  of  lights  and  motors  is  seriously  interfered  with. 
Therefore  when  the  load  on  a  transmission  system  becomes  so 
large  as  to  produce  too  great  a  variation  in  voltage  for  good 
service,  it  has  been  the  customary  practise  to  build  additional 
transmission  lines,  or  to  adopt  a  higher  line  voltage.  It  is  at 
this  stage  that  constant-voltage  transmission  appears  most 
attractive,  as  it  provides  greatly  increased  carrying  capacity 
without  any  alterations  in  the  transmission  line  itself. 

The  constant-voltage  method  of  control  is  radically  different 
from  the  usual  method.  Instead  of  controlling  the  voltage  from 
one  end  only,  special  machinery  consisting  generally  of  syn- 
chronous motors  or  synchronous  condensers  is  installed  at  the 
receiver  end,  and  the  voltage  is  controlled  at  that  end  also  by 
adjusting  the  power  factor.  Enough  synchronous  motors  are 
installed  to  keep  the  voltage  at  a  steady  value  at  both  the  re- 
ceiver end  and  at  the  generator  end. 

The  way  in  which  the  synchronous  motors  operate  to  hold  the 
voltage  constant  is  very  similar  to  the  way  in  which  they  are 
frequently  used  to  improve  the  power  factor  of  a  load.  It  is 
well  known  that  a  large  part  of  the  voltage  drop  in  a  transmission 
line  is  due  to  the  line  reactance.  The  reactance  drop  is  greatest 
when  the  load  has  a  low  power  factor,  and  it  is,  in  fact,  directly 
proportional  to  the  lagging  reactive  component  of  the  load. 
The  drop  is  therefore  changed  into  a  rise  in  voltage  if  the  re- 
active component  is  leading  instead  of  lagging,  and  this  may  be 
sufficient  to  overcome  the  drop  due  to  resistance.  This  is 
expressed  in  symbols  as  follows: 

Let  J?  be  the  resistance  of  the  line  and  X  the  reactance. 
Let  P  be  the  in-phase  component  of  current  and  Q,  the  lagging 
reactive  component.    Then  the  drop  in  voltage  is  approximately 

PR  +  QX 
or,  more  exactly, 

PR  I  OX  I       <^PX-QRY 

FK  +  QX  +  2(£  +  PR  +  QX) 
where  E  is  the  voltage  at  the  receiver. 
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If  now  Q  is  made  negative,  that  is,  if  it  is  a  leading  current, 
QX  opposes  the  drop  PR  and  tends  to  neutralize  it.  The 
quantity  Q  can  be  controlled  by  adjusting  the  field  current  of  the 
synchronous  motors,  since  with  a  strong  field  the  motors  will 
operate  with  a  leading  current.  It  is  therefore  possible  to  con- 
trol the  voltage  at  the  receiver  end  by  adjusting  the  field  current 
of  the  synchronous  motors.  This  adjustment  must  be  under 
the  control  of  the  transmission  line  operators  in  order  to  have 
the  correct  effect  on  the  line  voltage. 

In  water-power  plants  the  voltage  and  also  the  frequency 
are  subject  to  sudden  changes  due  to  variations  in  load  which 
are  too  rapid  for  the  waterwheel  governors  to  compensate  for 
immediately.  In  such  cases  a  large  flywheel  effect  on  the  system 
tends  to  minimize  this  trouble.  Synchronous  motors  add 
directly  to  the  flywheel  effect  and  are  found  very  useful  in  this 
way. 

The  advantages  obtained  from  the  use  of  synchronous  motors 
by  maintaining  constant  voltage  at  both  the  generator  and 
receiver  ends  of  the  line  and  by  adding  to  the  fl)rwheel  effect, 
have  been  sufficient  to  warrant  their  installation  on  several  short 
transmission  systems.  In  such  cases  the  improvement  in  the 
service  given  to  customers  at  all  parts  of  the  system  justified  the 
additional  expense.  But  when  it  is  stated  that  the  synchronous 
motors  must  be  equal  to  one-half  or  two  thirds  of  the  generator 
capacity  the  cost  will  at  first  sight  seem  prohibitive  for  most 
cases.  In  consideration  of  this,  the  additional  fact  must  be 
taken  into  account  that  the  newer  method  not  only  improves 
the  service,  but  very  greatly  increases  the  carr)dng  capacity 
of  the  line.  Since  with  a  line  of  about  100  miles  (160  km.)  in 
length  the  cost  of  the  generators  is  comparatively  small  com- 
pared with  the  cost  of  the  line,  the  installation  of  synchronous 
motors  will  actually  save  money  in  large  systems,  by  saving 
extra  line  construction. 

The  limit  of  carrying  capacity  is  ordinarily  set  by  the  max- 
imum variation  in  voltage  allowed  for  good  service,  that  is,  by 
the  regulation  of  the  line.  But  if  there  is  no  voltage  variation 
at  all,  another  limit  must  be  looked  for,  and  this  will  be  found  in 
the  greatest  energy  loss  which  can  be  allowed  for  the  trans- 
mission. Power  for  supplying  line  losses  costs  very  little  in 
most  systems,  so  that  an  efficiency  of  85  per  cent  is  generally 
consistent  with  good  economy.  The  curves  of  Figs.  1  and  2 
for  constant-voltage  lines  have  been  plotted  for  this  value  of 
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eflBciency.  A  glance  at  these  curves  shows  that  the  carrying 
capacity  of  a  25-cycle  line  can  be  doubled  by  adopting  the 
constant- voltage  method,  and  the  capacity  of  a  60-cycle  line 
can  be  multiplied  by  two  or  three. 

It  is  shown  in  the  diagram,  Fig.  5,  that  there  is  a  maximum 
amount  of  power  for  a  constant-voltage  line,  which  cannot  be 
exceeded  under  any  conditions  without  raising  the  voltage, 
no  matter  how  low  the  eflBciency  is  allowed  to  become,  nor 
how  much  synchronous  machinery  is  installed.  This  has  been 
pointed  out  by  Mr.  Philip,  and  a  diagram  given  for  the  case  where 


Fig.  1 

I.  Carrying  capacity  for  transmission 
lines  at  constant  voltage. 

II.  Synchronous  condensers  required. 

III.  Carrying  capacity  for  transmission 
lines  at  varying  voltage. 

Length  of  lines.  100  miles.  Highest 
voltage  on  lines.  116.000  volts.  Efficiency 
and  regulation  calculated  for  line  alone, 
without  additional  reactances. 


Fig.  2 

I.  Carrsring  capacity  for  transmission 
lines  at  constant  voltage. 

II.  Synchronous  condensers  required. 

III.  Carrying  capacity  for  transminton 
lines  at  varjring  voltage. 

Length  of  lines.  100  miles.  Highest 
voltage  on  lines,  115,000  volts.  Efficiency 
and  regulation  calculated  for  line  alone, 
without  additional  reactances. 


the  receiver  voltage  is  equal  to  the  generator  voltage.*  The 
practical  limit  to  the  canying  capacity  of  a  line  is  smaller  than 
the  above  maximum,  due  in  most  cases  to  the  energy  loss  be- 
coming excessive  and  to  the  rapid  increase  in  the  amount  of 
synchronous  condensers  required.  The  present  paper  there- 
fore uses  as  a  practical  limit  a  moderate  percentage  of  loss,  such 
as  corresponds  to  about  85  per  cent  eflSciency. 

The  saving  in  cost  effected  by  the  constant-voltage  system 
increases  very  rapidly  as  the  number  of  miles  of  line  becomes 

*R.  A.  Philip,  Economic  Limitations  to  Aggregation  of  Power  Systems, 
Trams.  A.  I.  £.  £.,  1911»  p.  612. 
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greater.  The  curves  of  Fig.  3  show  that  for  60  cycles,  the  cost 
of  a  constant-voltage  line  with  the  necessary  synchronous  motors 
represents  a  saving  when  the  length  is  over  70  miles  (112  km.). 
For  25  cycles,  Fig.  4,  the  saving  over  the  varying-voltage  method 
is  not  obtained  until  the  length  is  120  miles  (193  km.)  or  more. 
As  noted  elsewhere,  no  allowance  has  been  made  for  cost  of  land, 
owing  to  the  extreme  variableness  of  this  item.  If  this  were 
included,  the  constant- voltage  curves  would  show  more  favor- 
ably. On  the  other  hand,  no  allowance  has  been  made  for  the 
cost  of  power  for  line  losses,  which  are  greater  for  the  constant- 


M     (Hi      Tv     M     tN>     lUtf   110   U(»    130    140   I.jV  milM 


Fig.  3 

I .  Cost  per  kw.  of  transmission  line  and 
synchronous  condensers,  constant  voltage. 

II .  Cost  per  kw.  of  transmission  line, 
varying  voltage. 

2fi0.000     cir.    mil     copper    conductors. 
115.000  volts,  highest  voltage  on  lines. 
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Fig.  4 

Cost  per  kw.  of  transmission  line  and 


synchronous  condensers,  constant  voltage. 

II.  Cost  per  kw.  of  transmission  line, 
varying  voltage. 

260,000  cir.  mil  copper  conductors. 
115.000  volts,  highest  voltage  on  lines. 


voltage  lines  used  in  calculating  the  curves  than  for  the  cor- 
responding varjring-voltage  lines. 

The  costs  as  plotted  are  merely  approximate,  and  are  not 
intended  to  give  an  actual  estimate  of  what  a  transmission  line 
would  cost.  The  curves  are  presented  rather  to  show  the  effect 
on  the  cost,  of  changing  certain  factors  such  as  size  of  conductors, 
length  of  line,  and  method  of  control. 

The  comparisons  in  Figs.  3  and  4  are  not  quite  complete,  owing 
to  another  saving  in  cost  which  is  possible  when  designing  a  line 
for  constant-voltage  work.  This  saving  is  made  by  using  large 
conductors.  The  cost  curves  show  that  with  an  existing  line  of 
considerable  length  it  pays  to  install  synchronous  motors  if 
enough  power  is  to  be  transmitted  to  utilize  the  line  to  its  full 
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capacity  on  the  new  basis.  As  may  be  noted  from  the  first  two 
figures,  the  increase  in  carrjdng  capacity,  and  therefore  the  saving 
in  cost  per  kilowatt,  is  greatest  when  large  conductors  are  used. 
In  ordinary  transmission  there  is  practically  no  advantage  in 
using  a  larger  conductor  than  about  No.  0000  copper  for  60  cycles. 
Reducing  the  resistance  to  a  value  less  than  one-third  of  the 
reactance  does  not  materially  improve  the  regulation,  which  is 
determined  under,  these  conditions  almost  entirely  by  the 
reactance.  But  with  constant-voltage  operation,  a  large  pro- 
portion of  reactance  to  resistance  within  a  certain  limit  is  no 
longer  a  hindrance,  and  so  large  conductors  can  be  used  to  good 
advantage.  This  increases  the  canying  capacity  of  the  line  at 
small  extra  cost. 

It  may  be  mentioned  as  a  minor 
consideration  that  a  line  with  large 
conductors  will  have  a  comparatively 
small  amount  of  corona  loss,  and  so  it 
may  be  operated  at  a  higher  voltage 
than  where  smaller  conductors  are 
used. 

It  was  pointed  out  that  high  re- 
actance is  a  detriment  to  a  line 
operating  with  varying  voltage  but  is 
not  such  a  great  disadvantage  when 
the  constant-voltage  method  is  used.  F^g.  5— Diagram,  200-Mile 
For  instance.  Figs.  1  and  2  show  that  Constant  Voltage  Line. 
„  °  .  r  ,  Charging  Current    Ne- 

a  smaller  proportion  of  synchronous      glected 

motors  is  needed  with  a  60-cycle  line 

than  with  a  25-cycle  line.  This  is  due  to  the  higher  reactance  of 
the  60-cycle  line.  Now  the  reactance  used  in  estimating  the  curves 
has  been  merely  the  reactance  of  the  line.  The  reactance  of  the 
entire  circuit  includes  that  of  the  generators,  step-up  transformers, 
protective  reactance  coils,  and  step-down  transformers,  as  weU 
as  the  line  reactance.  Of  late  years  it  has  been  customary  in 
large  systems  to  make  all  these  reactances  as  large  as  possible  for 
protective  reasons,  in  spite  of  the  fact  that  they  tend  to  make  the 
regtdation  poor,  and  so  limit  the  power  which  can  be  transmitted. 
High  reactances  give  protection  by  reducing  short-circuit  cur- 
rents, which  are  tremendous  in  large  power  stations  and  are  very 
destructive  both  in  their  heating  effects  and  in  the  mechanical 
distortions  which  they  produce  in  the  apparatus.  High  reactance 
in  the  reactance  coils  placed  between  the  line  and  the  station 
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apparatus  gives  very  effective  protection  against  abnormal  volt- 
ages due  to  lightning,  and  to  surges  caused  by  switching.  It  is 
evident  that  with  constant-voltage  transmission  it  will  be 
economical  to  increase  all  these  reactances  much  beyond  the 
values  in  use  at  present,  and  better  protection  will  thus  be  ob- 
tained. It  may  therefore  be  stated  that  the  possibility  of 
using  high  reactance  in  all  the  various  kinds  of  apparatus  con- 
nected with  the  system,  is  one  of  the  most  important  points  in 
favor  of  constant-voltage  transmission. 

It  may  safely  be  stated  that  the  reason  why  the  frequency 
of  26  cycles  was  adopted  to  any  extent  in  this  country  was 
because  its  low  reactance  made  it  more  economical  for  transmis- 
sion. This  is  shown  by  the  curves  of  Figs.  3  and  4.  The  same 
figures  show  that  with  constant  voltage,  the  frequency  of  60 
cycles  becomes  as  economical  as  25  cycles.  With  the  ex- 
ception of  railway  work,  the  frequency  of  60  cycles  is 
preferable  for  most  important  applications  of  electric  power, 
especially  the  supply  of  power  to  large  cities.  The  cost  of  gen- 
erators, transformers,  and  motors  is  generally  less  at  60  cycles, 
and  the  operation  of  most  lighting  devices,  especially  tungsten 
lamps  and  arcs,  is  much  more  satisfactory  at  the  higher  fre- 
quency. Any  method,  therefore,  which  tends  to  make  60-cycle 
transmission  more  economical  than  25-cycle,  should  be  welcomed, 
as  it  will  assist  in  standardizing  the  electric  machinery  of  the 
coimtry  at  the  single  frequency  of  60  cycles. 

The  most  advantageous  application  of  constant-voltage  trans- 
mission is  probably  not  in  transmission  lines  with  a  single  gen- 
erating station,  but  rather  in  large  transmission  networks  con- 
necting all  the  hydroelectric  plants  and  the  cities  within  a  radius 
of  several  hundred  miles.  The  generators  placed  at  various 
points  of  the  network  themselves  partly  take  the  place  of  the 
synchronous  motors  for  maintaining  constant  voltage,  and  thus 
the  total  capacity  of  synchronous  motors  required  is  somewhat 
less.  Duplicate  lines  for  use  as  reserves  in  case  of  breakdown 
are  not  required  as  much  in  networks  as  in  straight  transmission 
projects,  since  power  can  generally  be  supplied  to  any  point  from 
more  than  one  direction.  Thus  a  small  number  of  heavy  lines 
can  be  used  in  networks,  and  constant-voltage  operation  is 
especially  applicable  to  these.  All  the  advantages  of  low  cost, 
good  service,  and  good  protection  which  have  been  described 
for  Constant-voltage  transmission  lines,  are  to  be  obtained  with 
a  large  transmission  network  operated  with  steady  volta||e  at 
both  generating  and  receiving  stations.  ^,y,  ...u  uy  GoOqIc 
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Very  large  transmission  networks  have  already  grown  up, 
and  are  steadily  increasing  in  extent.  The  engineering  advan- 
tages of  combining  small  power  systems  into  one  large  network 
are  due  to  the  combination  of  differing  load  curves,  water  stor- 
ages, reserves  in  case  of  breakdown,  and  even  differences  in 
standard  time,  etc.  These  have  been  discussed  so  thoroughly 
that  they  need  only  be  mentioned  here.  The  principles  of  con- 
stant-voltage transmission  can  greatly  increase  the  economy  and 
range  of  operation  of  large  transmission  networks.  It  does 
not  seem  unreasonable  in  view  of  the  already  rapid  growth  of 
many  of  these  systems,  to  state  the  possibility  of  a  single  high 
tension  network  for  the  supply  of  power  over  thd  entire  country. 

When  larger  transmission  networks  are  advocated  it  might 
be  objected  that  the  limit  has  been  already  reached  of  the  num- 
ber of  generating  stations  which  can  be  connected  to  one  net- 
work, owing  to  the  danger  from  such  large  amounts  of  generator 
capacity  when  a  short  circuit  occurs.  But  a  network  which  is 
op<  rated  at  constant  voltage  contains  an  unusually  large  propor- 
tion of  reactance,  both  in  the  line  and  in  the  station  apparatus. 
Thus  when  a  short  circuit  oceurs  the  voltage  drop  toward  the 
short  circuit  is  very  rapid.  Power  is  delivered  to  it  practically 
only  from  the  near-by  generating  stations  of  the  network. 

For  example,  if  a  short  circtiit  occurs  100  miles  from  a  station 
and  the  voltage  is  sustained  at  100,000  volts,  60  cycles,  at  the 
generating  station,  a  current  corresponding  to  only  about 
100,000  kv-a.  will  be  delivered  from  the  station.  This  is  not 
such  an  excessive  amount  as  to  interfere  with  the  safe  open- 
ing of  the  circuit  breakers.  The  presence  of  protective  re- 
actances very  greatly  reduces  the  short-circuit  current,  so  that 
it  may  be  said  that  a  station  100  miles  (160  km.)  away  from 
a  short  circuit  cannot  send  a  dangerous  amount  of  current  to 
the  short  circuit. 

The  greatest  danger,  then,  comes  from  a  short  circuit  in  the 
immediate  neighborhood  of  the  largest  generating  station,  and 
in  that  case  the  short-circuit  current  is  supplied  almost  entirely 
by  the  nearest  station.  The  largest  circuit  breakers  will  therefore 
not  need  to  be  designed  with  regard  to  the  capacity  of  the  entire 
network,  but  only  of  the  stations  in  which  they  are  located. 
Circuit  breakers  are  at  present  in  successful  operation  in  connec- 
tion with  as  large  generating  plants  as  are  likely  to  be  constructed 
and  so  the  problem  of  handling  short  circuits  will  probably  not 
impose  a  Uxnitation  upon  the  size  of  transmission  networks.    . 
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The  two  systems  of  varying-voltage  control  and  constant- 
voltage  control  have  been  described  as  being  quite  distinct. 
There  is  really,  however,  a  middle  ground  between  them.  For 
instance,  consider  a  line  operated  with  20  per  cent  voltage  varia- 
tion at  the  generators  between  no-load  and  full  load,  and  with  a 
steady  voltage  at  the  receiver.  Now  by  installing  a  small  num- 
ber of  synchronous  motors  at  the  receiver,  the  generators  may 
be  operated  with  only  10  per  cent  variation,  the  synchronous 
motors  being  used  to  hold  the  receiver  voltage  constant.  Twice 
the  number  of  synchronous  motors  would  allow  constant- 
voltage  operation  at  both  generators  and  receivers.  It  is  possible, 
therefore,  to  install  a  small  amount  of  machinery  and  obtain  a 
proportionate  improvement  in  closer  regulation  or  in  increased 
carrying  capacity  of  the  line. 

The  above  fact  is  of  great  importance  in  relation  to  the  com- 
mercial application  of  the  principles  of  constant  voltage  opera- 
tion, since  a  new  method  appears  much  more  attractive  to  a 
transmission  company  if  the  change  can  be  made  gradually 
without  interrupting  service,  and  if  the  results  of  a  small  altera- 
tion can  be  observed  before  investing  any  large  amount  of 
capital. 

Many  power  companies  offer  special  terms  to  induce  their 
customers  to  install  synchronous  motors  and  thus  raise  the  power 
factor  of  the  load.  This  can  scarcely  be  called  a  step  in  the  direc- 
tion of  using  the  principles  of  constant-voltage  transmission, 
since  the  field  current  of  the  synchronous  motors  is  not  adjusted 
with  a  view  toward  regulating  the  line  voltage.  The  advantages 
of  a  high  power  factor  of  load  are  very  small  indeed  compared 
with  the  large  advantages  to  be  obtained  from  adjustable  power 
factor. 

It  must  not  be  supposed  that  the  voltage  at  all  points  of  a 
constant-voltage  transmission  line  or  network  has  exactly 
the  same  value.  At  all  points  where  there  are  generators  or 
synchronous  motors  whose  field  current  can  be  adjusted,  the 
voltage  will  be  held  steady.  For  the  best  economy,  however, 
the  generator  voltage  should  be  held  at  a  higher  value  than  the 
receiver  voltage.  Thus  the  voltage  at  the  generating  stations 
may  be  held  constant  at  110,000  volts,  while  the  voltage  at  the 
receiver  stations  may  be  held  steady  at  90,000  volts.  This 
involves  running  the  synchronous  motors  with  a  weak  field  and 
a  lagging  power  factor  at  no-load,  and  there  is  a  limit  in  doing 
this  when  the  motors  are  carrying  a  mechaoical  load,  due  to  the 
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danger  of  the  motors  dropping  out  of  step.  However,  the 
capacity  of  synchronous  motors  required  is  so  large  that  most  of 
them  would  have  to  run  unloaded  as  synchronous  condensers, 
since  mechanical  loads  cotdd  be  found  for  only  a  few  of  them. 
The  curves  which  have  been  given  assume  that  the  synchronous 
condensers  will  operate  at  their  full  rating  of  lagging  current  at 
no-load,  as  well  as  with  leading  current  at  full  load. 

Synchronous  condensers  can  be  designed  so  as  to  remain  in 
step,  when  running  unloaded  at  100  per  cent  power  factor,  as 
tenaciously  as  a  fully-loaded  induction  motor.  If  necessary,  the 
starting  torque  could  be  sacrificed  for  the  sake  of  the  synchronizing 
power,  and  the  condensers  could  be  started  by  small  starting- 
motors,  though  it  would  be  preferable  to  have  them  self -starting. 
At  times  of  very  light  load  on  the  line,  such  condensers  can 
operate  safely  with  weak  fields  and  lagging  power  factor.  Thus,  in 
spite  of  the  fact  that  loaded  synchronous  motors  and  synchronous 
converters  are  commonly  regarded,  and  rightly  so,  as  a  very 
unstable  element  in  transmission  line  operation,  it  may  be  stated 
that  the  addition  of  properly  designed  unloaded  synchronous 
condensers  to  a  transmission  system,  as  described  in  this  paper, 
does  not  decrease  the  reliability  of  the  system.  In  fact,  the 
extra  reactance  which  would  be  used,  as  described  above,  renders 
the  line  more  reliable  instead  of  less  so.  It  may  be  mentioned 
that  probably  more  time  wotdd  be  taken  in  getting  load  on  a 
line,  after  a  temporary  shut-down,  where  synchronous  condensers 
are  installed,  but  this  is  not  a  serious  disadvantage  if  the  system 
is  more  safe  and  dependable. 

The  charging  current  of  the  line  due  to  the  condenser  eflEect 
is  the  same  under  all  conditions  of  load,  and  does  not  affect 
the  amount  of  machinery  necessary  for  the  adjustment  of  the 
line  voltage  as  described  in  this  paper.  The  effect  of  the  charging 
current  is  to  raise  the  voltage  at  the  receiver,  by  a  constant 
amount.  The  operation  of  a  long  constant-voltage  line  is 
made  more  satisfactory  by  the  charging  ciurent,  but  the 
charging  current  cannoc  be  considered  a  help  when  the  line  is 
operated  with  varying  voltage. 

It  has  been  found  in  commercial  practise  with  short  lines 
that  constant  voltage  transmission  is  worth  while  merely  on 
account  of  the  improvement  in  service.  In  the  following  para- 
graphs, estimated  costs  are  given  for  comparatively  long  lines, 
so  as  to  show,  even  more  definitely  than  by  the  curves  already 
discussed,  that  where  a  line  is  long,  or  land  is  high  in  value,  it 
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pays   to   adopt   constant-voltage   transmission,   even   without 
considering  the  improvement  in  service. 

Summary 
Constant    voltage    transmission    requires    adjustable    power 
factor. 

Advantages. 

1 .  Better  service — no  variation  in  voltage. 

2.  Better  protection,  due  to  high  reactances. 

3.  Tendency  to  use  the  frequency  of  60  cycles. 

4.  Increased  carrying  capacity  of  line.  The  limit  is  changed 
from  maximum  voltage  variation  to  maximum  energy  loss. 
This  allows  more  power  to  be  transmitted  or  the  distance  to  be 
increased,  without  the  voltage  being  raised. 

5 .  Lower  total  cost  for  long  lines.  The  saving  in  cost  is  great- 
est for  long  lines  or  large  networks,  large  quantities  of  power, 
large  conductors,  and  for  the  frequency  of  60  cycles. 

6.  The  method  is  easy  to  apply  to  existing  lines.  The 
change  can  be  gradual,  and  no  change  is  necessary  in  line 
construction. 

Disadvantages. 

1 .  Cost  and  attendance  of  additional  rotating  machinery. 

2.  Higher  total  cost  for  short  lines. 

3.  In  order  to  obtain  the  greatest  economy  from  constant- 
voltage  operation,  the  losses  must  be  increased,  and  the  number 
of  separate  lines,  which  are  useful  as  reserves,  must  be 
reduced. 

4.  Tendency  of  synchronous  machinery  to  drop  out  of  step, 
and  delay  in  putting  load  on  the  line  again  after  shut-down. 

Data  Pertaining  to  Constant  Voltage  Transmission 

Formula  for  Voltage  Drop  from  Generator  to  Receiver. — (Neglect- 
ing charging  cvurent.) 

Let  E  be  the  voltage  at  the  receiver. 
.  Let  /  be  the  current,  in  total  amperes,  at  a  power  factor  cos  ^ 
at  the  receiver  end. 

Let  P  =  /  cos  » 

Let  C  =  /  sin  e 

Let  R  be  the  resistance  and  X  the  reactance,  of  one 
conductor. 
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COMPARISON  OP  THE  TWO  SYSTEMS  POR  A  200-MILB  TRANSMISSION 

PROJECT 

The  usual  varying-     Conitant-voltaee 
voltage  method  method 


Dittance 200  miles  200  mUet 

Power  delivered 33.000  kw.  33.000  kw. 

Power  factor  of  load 00  per  cent  90  per  cent 

Prequency 60  cycles  60  cycles 

Number  of  three-phase  circuits 3  1 

Conductors,  copper  cable No.  0000  360,000  cir.  mil. 

Maximum  voltage  on  line 116,000  116,000 

Voltage  at  load  end 100.000  86,000 

Reactive  drop  in  transformers  at  each  end 4  per  cent  6  per  cent 

Reactive  drop  in  protective  coils  at  each  end 4  per  cent  7  per  cent 

Synchronous  condensers  at  load  end None  18,000  kv-«. 

Synchronous  condensers  required  at  no-load 16,600  kv-a. 

Voltage  variation 21  per  cent  None 

Voltage  variation  due  to  line  alone 14  per  cent  None 

Efficiency  of  transmission 04  per  cent  87  per  cent 

Power  factor  at  generators 00  per  cent  80  per  cent 

lagging  lagging 
Approximat*  Costs. 

Towers,  ground  cables,  insulators  and  erection. . .  11,140,000  1440.000 

Copper  cables,  at  IScentslb 1.080.000  600,000 

Synchronous  motors  and  space  in  substations,  at 

110.00  per  kv-a 180.000 


Cost  of  Une,  exclusive  of  Und 12.220.000  11.220.000 

Saving 1.000.000 

N.B.  The  charging  current  of  the  line  was  allowed  for  in  calculating  the  above  results. 

COMPARISON  POR  A  lOO-MILE  TRANSMISSION  SYSTEM 

Varying-voltage       Constant-voltage 
method  method 


Distance 100  miles  100  miles 

Power  deUvered 54.000  kw.  54.000  kw. 

Power  factor  of  load 80  per  cent  80  per  cent 

Prequency 60  cycles  60  cycles 

Number  of  three-phase  circuits 3  1 

Conductors,  copper  cable 250.000  cir.  mil.  400.000  cir.  mil. 

Maximum  voltage  on  line 113.000  113,000 

Voltage  at  load  end 100.000  00.000 

Reactive  drop  in  transformers  at  each  end 5  per  cent 

Reactive  drop  in  protective  coils  at  each  end  5  per  cent. 

Synchronous  condensers  at  load  end None  42.700  kv-a. 

Synchronous  condensers  required  at  no  load 21.500  kv-a. 

Regulation  due  to  line  alone 15  per  cent  None 

Efficiency  of  transmission 05  per  cent  01  per  cent 

Power  factor  at  generators 87  per  cent  80  per  cent 

lagging  lagging 
Approximait  costs. 

Towers,  ground  cables,  insulators  and  erection. . .  1618.000  1227.000 

Copper  cables  at  18  cento  per  lb 642.000  848.000 

Synchronous  condensers  and  space  in  sub-stations 

at  110.00  per  kv-a 427.000 

Cost,  exclusive  of  land 11.260,000  1007.000 

Saving 263,000 

N.B.:   The  charging  current  of  the  line  was  allowed  for  In  calculating  the  abora  ranlts. 
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Then  the  drop  in  volts  for  a  lagging  current  = 

E  -  V{E  +  PR  +  QXy  +  {PX  -  QRy 

=  approximately  PR  +  QX  +  2  (E  +  PR^+QX) 

(See  Fig.  6a.) 

The  drop  in  vqlts  for  a  leading  current  is  approximately 


PR  -QX  + 


{PX  +  QR)* 


2{E  +  PR  -QX) 
( See  Fig.  6b.) 

The  above  approximate  forms  should  not  be  used  when  the 
quantities  {PX  —  QR)  or  {PX  +  QR)  are  greater  than  about 
25  per  cent  of  E.    In  such  cases  use  the  form  involving  the  radical. 


(a>  LAGGING  CURRENT. 

QX 


E  PR 

(b)  LEADING  CURRENT. 

Fig.  6 


Diagram    for    Required    Amount    op    Leading    Current 
Let  the  voltage  be  held  at  a  steady  value  E  at  the  receiver 

end  of  the  line,  and  at  a  steady  value  E,  at  the  supply  end  of  the 

line.    Let  Q  be  a  leading  current. 

Then  £,«  ^  {E  +  PR  -  QXy  +  {PX  +  QR)^ 

or  (i«  +  0*)  {R^  +  X^)  +2  EPR  -  2  EQX  =  £,«  -  £« 


Thatis,P«  +  0*  + 


2ER 


R^  +  X^ 


P  - 


2EX 

iP  +  X~^ 


Es[j^^ 
RJ'  +  X^ 


the  charging  current  being  neglected. 

This  is  the  equation  of  a  circle,  when  Q  is  plotted  for  different  t 
values  of  P.  "     "" '''  ^  ^Ogie 
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Let  the  center  of  the  circle  be  (a,  b)  and  the  radius  c. 
Then  the  circle  is  {x  -  a)*  +  (y  -  b)^  =  c^ 
or  x«  +  /  -2  ax  -2by  =  c^  -  a^  -V 


Therefore  a  =   —  • 
and 


£i? 


EX 

R^  +  X^ 


--  -s^=«- +•■+»■-   ^' 


R^  +  X^       1  -    .   -  Ji^  +  X* 

The  circle  may  now  be  drawn  as  in  Fig.  5,  which  is  the  diagram 
for  the  200-mile  (321-km.)  line  described  above.  The  current 
Qs  supplied  by  the  synchronous  condensers  is  larger  than  Q, 
since  the  lagging  current,  Qiy  of  the  load  must  be  neutralized. 
That  is, 

Qi  is  plotted  as  a  straight  line,  assuming  that  the  power  factor 
of  the  load  remains  constant. 
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THE    INDUSTRIAL  USE  OF  SYNCHRONOUS  MOTORS 
BY  CENTRAL  STATIONS 


BY  JOHN  C.  PARKER 


The  general  mathematical  treatment  of  the  synchronous  motor 
and  its  special  application  as  a  synchronous  condenser — so-called — 
for  the  placing  of  a  leading  power  factor  load  on  a  distribution  sys- 
tem, is  so  thoroughly  familiar  and  simple  that  the  present  paper 
will  not  concern  itself  with  the  features  of  specific  analysis.  It  is 
desired  to  point  out  a  few  specific  applications  that  may  be  made, 
and  the  means  of  securing  co-operative  effort  between  the  central 
station  and  its  customers  for  the  purpose  of  securing  synchronous 
motor  load  and  thereby  bettering  service. 

It  may  be  recognized  that  in  general  the  customer  of  a  dis- 
tributing company  has  little  technical  interest  in  the  use  of 
synchronous  equipment,  since  it  is  somewhat  more  expensive 
than  induction  motor  equipment,  does  not  lend  itself  readily 
to  extremely  small  unit  installation,  and  is,  even  with  more  modem 
apparatus,  slightly  less  substantial  and  easy  to  operate.  On  the 
other  hand,  on  the  larger  units  these  difficulties  are  of  less  signifi- 
cance, and  therefore  we  may  look  for  industrial  applications  of 
synchronous  motors  where  relatively  large  concentrated  power 
applications  occur,  possibly  supplemented  by,  but  in  general 
differentiated  from,  group  and  individual  motor  drive  distri- 
buted throughout  a  manufacturing  plant.  It  will,  therefore, 
be  the  case  that  such  applications  must  be  made  on  large  cen- 
tralized equipment,  such  as  air  compressors,  refrigerating 
machines,  pumps,  et  cetera,  rather  than  on  individual  machines, 
or  in  those  places  where  the  industry  depends  on  one  centralized 
power  supply  using  mechanical  distribution  throughout  the 
plant;  such  industries  being,  for  example,  the  smaller  milling 
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concerns,  where  all  of  the  manufacturing  processes  are  correlated, 
giving  no  diversity  factor  on  the  different  machines  and  thereby 
most  readily  lending  themselves  to  a  mechanical  power  distri- 
bution,, all  of  which  operates  all  of  the  time  when  the  mill  is  in 
commission.  Such  a  mechanical  distribution  in  general  offers 
high  efficiency  of  distribution  with  a  not  excessive  first  cost  and 
maintenance,  and  with  fairly  close  synchronizing  of  the  different 
machines  driven,  so  that  in  such  a  case  individual  induction 
motor  installation  with  electric  distribution  of  power  is  not 
economically  justified. 

Obviously  the  synchronous  motor  in  industrial  use  will  not 
find  its  place  where  frequent  starting  and  stopping  are  required, 
nor  where  the  starting  must  be  done  under  full  load. 

In  the  cases  of  relatively  large  centralized  power  utilization, 
the  consumer's  motive  for  synchronous  motor  application  is 
found  either  in  a  rate  schedule  favorable  to  unity  power  factor 
or  leading  load,  in  a  sharing  of  the  expense  of  the  initial  installa- 
tion by  the  central  station  company,  or  in  a  special  arrangement 
into  which  the  central  station  enters  for  a  class  rate  made  lower 
than  the  rate  offered  for  induction  motor  service  in  consideration 
of  the  improvement  of  distribution  conditions,  and  offered  only 
where  such  an  installation  will  prove  advantageous  to  the  cen- 
tral station  company. 

Practically  all  modem  systems  of  charge  for  electric  service 
are  based  on  the  maximum  demand  in  conjunction  with  the  kilo- 
watt-hours, either  in  the  form  of  a  direct  charge  for  power  and  an- 
other direct  charge  for  energy,  or  on  the  load  factor  distributed 
over  a  period  of  time,  in  which  case  the  charge  comes  back  to 
either  a  recorded  demand  charge  or  the  rating  pf  the  connected 
apparatus.  A  metered  system  of  demand  seems  to  be  distinctly 
preferable. 

By  having  such  a  metered  demand  based  on  the  kilovolt- 
amperes  rather  than  on  the  kilowatts,  the  consumer  has  a  material 
interest  in  keeping  the  power  factor  as  near  to  imity  as  possible. 
This  is  particularly  the  case  where  energy  is  supplied  from  a 
hydroelectric  enterprise  over  a  long  distance  transmission  line. 
In  such  case  a  kilovolt-ampere  basis  of  charge  is,  the  writer 
believes,  the  rule,  and  the  incentive  to  the  customer  to  make 
synchronous  installation  is  a  matter  of  anywhere  from  ten  to 
thirty  per  cent  of  the  annual  cost  of  power. 

An  additional  feature,  which  in  the  writer's  practise  is  bC' 
ing  incorporated  into  industrial  synchronous  motor  applica- 
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Fig.   1— Synchronous  Motor-Driven  Battery  Charging  Set 
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Fig.  2 — Synchronous     Motor — Driven     Set     for     Refrigerating 
Machine  Drive  by  Variable  Voltage  Control 
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Fig.   3—6  000,000  Gallon  Variable  Stroke  Pump  Driven  by  600- 
H.p.  Synchronous  Motor 
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tions,  is  the  use  of  automatic  potential  regulators  for  holding 
constant  voltage  at  distant  points  in  the  transmission  line,  either 
with  or  without  inductance  inserted  in  series  with  the  line. 

Where  the  aggregate  leading  quadrature  kilovolt-amperes  which 
it  is  practicable  to  get  connected  to  the  lines  is  less  than  the 
aggregate  lagging  quadrature  kilovolt-amperes  due  to  induction 
load,  it  is  manifestly  undesirable  to  insert  a  series  inductance, 
since  the  latter  would  serve  to  reduce  the  power  factor  of  the  feeder 
load  and  maintain  a  certain  minimum  potential  drop;  but  even 
in  such  a  case  the  synchronous  motor  with  constant  potential 
relay  is  useful  in  supplying  the  leading  kilovolt-amperes  as  the 
lagging  kilovolt-amperes  of  the  induction  motor  load  increase, 
and  vice-versa,  thus  at  all  times  keeping  the  condition  of  the 
feeder,  so  far  as  wattless  kilovolt-amperes  are  concerned,  at  least 
as  good  as  the  best  condition  obtaining  prior  to  the  installation 
of  the  synchronous  equipment,  and  throughout  the  major  part 
of  the  day  very  much  better. 

Where  the  synchronous  quadrature  demand  can  be  made  in 
excess  of  the  lagging  quadrature  demand  from  induction  motors, 
it  then  becomes  desirable  to  put  inductance  in  series  with  the 
feeder,  thereby  overcoming  drop  due  to  the  in-phase  amperes 
operating  in  conjunction  with  the  line  resistance. 

The  use  of  this  remote  potential  control  has  certain  advantages 
over  control  by  station  regulators.  First,  it  combines  the  two 
functions  of  load  carrying  and  of  regulation  in  one  piece  of  appa- 
ratus. Second,  it  is  independent  of  certain  approximations  in 
regard  to  the  feeder  characteristics;  and  third,  it  is  independent 
of  the  distribution  of  the  load  along  the  feeder  at  varying  hours 
of  the  day. 

This  last  factor  is  of  very  considerable  importance,  since  a 
station  regulator  with  a  compensator  to  simulate  the  line  im- 
pedance must  be  arranged  for  an  arbitrarily  assumed  load  dis- 
tribution, while  on  most  distribution  systems  in  the  larger  cities, 
at  least,  the  alternating  current  feeders  traverse  a  belt  of  res- 
idential territory  surrounding  the  central  direct  current  district, 
and  then  pass  into  the  outlying  industrial  district.  Where 
one  set  of  feeders  is  maintained  for  both  the  residential  and 
industrial  districts,  the  center  of  load  shifts  between  five  and 
six  o'clock  p.  m.  from  the  industrial  load  of  the  outlying  districts 
to  the  lighting  load  of  the  residential  districts,  and  therefore 
voltage  regulator  compensation  which  is  carried  for  one  hour  of 
the  day  is  inaccurate  for  another  hour ;  whereas,  with  the  synchro- 
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nous  motor  used  as  a  potential  regulator,  a  motor  at  all  times 
endeavors  to  hold  strictly  constant  voltage  at  the  point  at  which 
the  potential  relay  is  applied  to  the  transmission  line. 

In  view  of  the  fact  that  such  potential  regulating  relay  is 
only  concerned  with  the  voltage  delivered  to  it,  a  series  of  such 
installations  may  be  installed  along  the  length  of  a  feeder  with 
inductances  of  a  simple  type  inserted  into  the  feeder  at  points 
so  chosen  between  the  synchronous  motor  service  taps  as  to  have 
the  potential  at  two  adjacent  inductances  equally  high  above 
and  below  the  voltage  for  which  the  regulator  is  set,  thereby  get- 
ting the  flattest  voltage  curve  between  these  inductances  and  very 
considerably  better  regulation  over  the  whole  length  of  the  line. 


Fig.  4 — Voltage  at  Refrigating 
Plant.  Automatic  Voltage  Reg- 
ulator Cut  Out.  Synchronous 
Motor  Operating  at  75  Per 
Cent  Lagging  Power  Factor 


Fig.  5 — Same  Circuit  with  Auto- 
matic Potential  Regulator  in 
Operation 


As  the  voltage  distribution  curve  along  a  feeder  carrying  uni- 
formly distributed  load  of  uniform  character  is  a  parabolic  func- 
tion of  distance,  it  is  manifest  that  the  segmentation  of  voltage 
regulation  of  such  series  inductances  reduces  the  variation  of 
potential  to  a  function  which  is  a  square  of  the  length  of  the 
segments  of  the  line,  so  that  this  segmental  regulation  with  but 
slight  multiplication  of  the  segments  makes  for  a  material  better- 
ment in  the  conditions  throughout  the  circuit. 

It  is  perhaps  hardly  necessary  to  indicate  that  what  we  are 
interested  in  is  primarily  leading  quadrature  kilo  volt-amperes, 
and  that  these  can  be  got  with  less  and  less  additional  investment 
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and  operating  losses  as  the  power  factor  approaches  unity  in 
a  machine  where  power  factor  correction  and  shaft  load  are  com- 
bined in  one  motor.  This  points  to  the  desirability  of  having 
connected  to  the  lines  as  many  and  as  large  synchronous  motors 
as  may  be  commercially  practicable,  rather  than  combining  the 
power  factor  correction  for  a  given  circuit  all  in  one  machine 
of  limited  size,  or  in  a  synchronous  motor  used  merely  for  power 
factor  correction. 

As  to  the  applications  that  may  be  made  of  the  synchronous 
motor,  it  may  be  said  that  the  simplest  application  is  as  the  driv- 
ing end  of  a  motor-generator  set,  where  a  variable  direct-current 
voltage  is  desired  lor  such  purposes  as  battery  charging  in  large 
garages,  and  speed  control  of  refrigerating  apparatus.  The 
illustrations  show  two  such  sets,  one  of  268   kilovolt-amperes 
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Fig.  6 — Line  Diagram  of  6,000,000-Gallon  Variable  Stroke  Pump 

(See  Fig.  3) 

capacity  at  85  per  cent  power  factor,  driving  two  generators',  one 
of  which  is  used  in  charging  pleasure  vehicles  and  the  other  for 
the  higher  voltage  commercial  trucks.  The  other  illustration 
referred  to,  shows  a  four-unit  set,  consisting  of  a  210-kilovolt- 
ampere,  70  per  cent  leading  power  factor  synchronous  motor 
driving  a  25-kilowatt  constant  voltage  generator  for  general  power 
purposes,  a  small  exciter,  and  a  90-kilowatt  direct-current  gener- 
ator, the  field  excitation  of  which  is  varied  to  supply  variable 
voltage  to  the  armature  of  the  motor  operating  a  refrigerating 
machine. 

A  type  of  application  but  little  used  is  that  in  which  the 
driven  apparatus  itself  is  adapted  to  variable  output,  and  to 
synchronous  motor  starting.  One  such  case  is  shown  in  the 
illustration  of  a  6,000,000-gallon  pump  operated  by  a  600- 
horse  power,  376-volt  synchronous  motor.    In  this  case  the  pump 
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Stroke  is  made  variable  by  means  of  a  linkage  hydraulically 
operated,  whereby  the  piston  stroke  may  be  reduced  quite  to 
zero  and  the  no-load  torque  thereby  brought  well  within  the  pull- 
in  torque  of  the  motor.  After  the  motor  is  in  operation,  the 
stroke  of  the  pump  may  be  varied  at  will,  so  as  to  deliver  any- 
thing from  zero  up  to  6,000,000  gallons  per  24  hours.  The  writer 
is  of  the  opinion  that  a  great  many  synchronous  motor  applica- 
tions may  be  found  where  similar  adaptations  of  the  mechanically 
driven  apparatus  to  the  requirements  of  synchronous  drive  may 
be  accomplished. 

As  an  indication  of  what  may  be  looked  for  in  this  line,  there 
has  been  developed  an  air  compressor  which,  operating  at  con- 
stant rotative  speed  of  the  shaft,  varies  its  output  by  air  valves 
operated  by  a  mechanism  similar  to  that  of  a  corliss  engine. 
The  Corliss  gear  varies  the  cut-off  on  the  intake,  and  thereby 
limits  the  work  done  per  stroke,  while  the  compressor  may  be 
relieved  entirely  of  load  at  starting  by  blocking  the  valves  open. 

Another  method  of  accomplishing  the  same  result  has  been 
suggested  by  Mr.  I.  Lundgaard,  Junior  member  of  the  American 
Society  of  Mechanical  Engineers,  who  recommends  the  adapt- 
ation of  constant  speed  motor  drive  to  variable  output  for  air 
and  ammonia  compressors  by  means  of  an  adjustable  clearance 
space  to  be  secured  through  the  use  of  small  cylinders  with  stop 
pistons,  or  through  a  series  of  chambers  communicating  with  or 
cut  off  from  the  clearance  space  by  separate  valves.  The  com- 
bination of  such  an  arrangement  with  a  by-pass  valve  obviates 
the  necessity  for  variable  speed  and  high  starting  torque,  and 
through  such  arrangement  the  range  of  industrial  application 
of  synchronous  motors  is  very  widely  extended. 
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THEORY     OF    THE     NON-ELASTIC     AND    ELASTIC 
CATENARY  AS  APPLIED  TO  TRANSMISSION  LINES 


C.  A.  PIERCE,  P.  J.  ADAMS  AND  G.  I.  GILCHREST 


Though  many  engineers  have  written  articles  on  the  subject  of 
tensions  and  sags  in  suspended  wires,  few  have  given  any  atten- 
tion to  the  theory  of  the  subject,  being  satisfied  to  refer  to  some 
text-book,  or  other  guide,  for  authority.  When  the  novice  turns 
to  these  references,  he  usually  finds  them  insufficient  for  the  under- 
standing of  the  articles  in  which  the  references  occur  and  he  is 
forced  to  spend  more  or  less  time  in  recreating  the  articles.  It 
would  seem  then  that  there  is  need  for  an  article  dealing  with  the 
theory  of  the  catenary  as  applied  to  transmission  lines.  Further- 
more, there  seems  to  be  need  for  more  experimental  data  to  test 
the  accuracy  of  the  equations  with  the  actual  measured  values 
on  real  spans.  It  is  believed  that  these  data  can  be  obtained  in 
the  laboratory  on  short  spans  with  small  wires  better  than  would 
be  possible  out  of  doors  on  long  spans  with  larger  wires,  because 
of  the  readiness  with  which  various  conditions  can  be  controlled 
in  the  laboratory. 

This  article  deals  with  the  theory  of  the  catenary  as  applied  to 
transmission  lines,  and  experimental  data  are  compared  with  the 
values  derived  by  use  of  the  theoretical  equations. 

Theoretical 
When  a  perfectly  flexible  elastic  string  hangs  between  two 
horizontal  supports  and  is  acted  on  by  gravitation  only,  it  takes 
the  form  of  a  curve  which  has  been  called  the  elastic  catenary. 
The  equation  for  this  curve  is  deduced  as  follows: 

Referring  to  Fig.  1,  let  the  length  of  the  arc  of  the  elastic 
catenary,  PtOPv  be  measured  from  0,  the  lowest  point  of  the 

1666 

Digitized  by  VjOOQIC 


1566 


PIERCE.  ADAMS  AND  GILCHREST: 


[June  25 


arc.  Consider  an  element,  dl,  of  the  arc  between  two  points,  P 
and  P',  The  element  dl  is  imder  tension  and  consequently  is 
stretched.  If  the  unstretched  length  of  dl  is  da,  then  by 
Hooke's  law, 

dl  =  da{l  +  \  r), 

where  X  is  the  elastic  constant  of  the  string  and  T  is  the  tension 
which  stretches  length  da  into  length  dL  If  the  weight  of  unit 
length  of  the  unstretched  string  is  W,  then  the  weight  of  dl, 
which  is  equal  to  weight  of  rfcr,  is  equal  to  Wda.  Substituting 
the  value  of  da  as  given  in  the  formula  above,  the  weight  of 
element  dl  is  equal  to  Wdl -i-  {1  +  \T), 

The  vertical  component,  V,  of  the  tension  at  P  differs  from  that 
at  P'  by  the  weight  of  the  element  dl,  hence 


dV  ^W 


dl 


1  +  xr 


Fig.  1 

But  V  =  H  tan  <^,  where  H  is  the  horizontal  component  of  the 
tension  at  P  and<^  is  the  angle  between  the  tension  at  P  and  the 
horizontal  component  H.    Hence, 


d(Ht3Ln(l>)  =  W 


dl 


1  +  xr 


or,  since  H  is  constant  along  the  arc, 

W       dl 


d  (tan<^)  = 


H  1  +  \T 


Letting  W^H^l-i-Kand  XH  =  iV,  where  K  and  N  are 
constants,  and  substituting  T  ==  H  sec  (f>, 


dl--  K{1  +  N  sec<^)  d  (tan<^) 
«  if  (1  +  iVsec<^)  sec»<^  d4> 
=  Ksec*4>d4>  +  KNse(^4>d(l> 


(1) 
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Now, 

I  sec*<^  d<i>  =  tan<^ 
and 

I  sec'<^  d4>  =  1/2  (sec<^  tan0  +  gd~'^4>) 


To  prove  the  latter  equation,  which  is  not  one  of  the  simpler 
integrals,  one  can  differentiate  the  answer. 

d  (1/2  (sec<^  tan<^  +  gd-^iff)] 

=  1/2  [tan*<^  sec^  d4>  +  sec*^  d4>  +  sec0  d<i>\ 
=  1/2  [sec»<^  +  sec<^  (tan«<^  +  1)]  d4> 
=  sec^(f>d<f> 

Hence,  integrating  (1) 

/  =  K  tan<^  +    ^^    (sec0  tan<^  +  gd-'tj})  (2) 

This  equation  for  the  length,  /,  of  an  arc  of  the  catenary  is 
known  as  the  intrinsic  equation  of  the  curve  because  it  gives  the 
length  of  the  arc  in  terms  of  the  angle  of  bending,  4>,  of  the  arc, 
and  constants.  This  equation  can  be  changed  into  equations 
based  upon  the  rectangular  co-ordinate  system.  To  do  this  let 
the  direction  Pj  Pi,  Fig.  1,  determine  the  direction  of  the  X-axis 
and  the  vertical  to  P2  Pi  determine  the  direction  of  the  F-axis, 
the  position  of  the  origin  of  the  co-ordinates  being  as  yet  un- 
known. As  seen  in  Fig.  1,  dy  =  dl  sin<^.  But,  as  proved  above, 
dl  --  K  (sec2  (l>  +  N  sec^fj) )  rf<^.    Hence, 

dy  —  K  sin  4>  (sec^  ^  +  iV  sec'  4>)  dtf) 

=  K  (sec  <f>  tan  <!>  +  N  sec^  ^  tan  <f>)  d(t> 
and 

y  =  if  (sec  <l>  +  N/2  tan'  <^)  (3) 

Also,  as  seen  in  Fig.  1,  dx  =  dl  cos  0.    Hence, 

dx  ^  K  cos  4>  (sec*  ^  +  iV  sec'  4>)  d4> 
=  K  (sec  <l>  +  N  sec*  <l>)d4> 

X  ^  K  {gd-^  <^  +  iV  tan  <^)  (4) 


and, 


The  constants  of  integration  for  the  two  equations  of  y  and  x 
are  zero  if  the  origin  of  co-ordinates  is  chosen  properly.  If 
the  F-axis  is  taken  so  that  it  passes  through  0,  the  center  of  thej 
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arc  of  the  catenary,  then  equation  (4)  is  satisfied.  And  if  the 
origin  of  co-ordinates  is  taken  a  distance  K  below  the  point  0, 
then  equation  (3)  is  satisfied. 

It  is  desirable  to  eliminate  the  angle  4>  from  equations  (3)  and 
(4),  but  this  cannot  be  done  at  all  easily  so  the  equations  are 
left  in  the  form  given  above. 

Collecting  formulas  for  the  elastic  catenary: 

/  =  K  [tan  4>  +  N/2  (sec  <^  tan  <^  +  gdr"^  4>)]  (6) 

y  =  K{scc4>  +  N/2  tan^  <^)  (0) 

X  ^  K  (gd-'  <^  +  iV  tan  <^)  (7) 

T  =  H  sec  (f>  =  K  IK  sec  <^  (8) 

H  =  T  -h  sec(l>  (9) 

V  =  r  sin  <^  (10) 

K  =  the  y-intcrcept  of  catenary  (11) 

Using  subscripts,  as  /i,  etc.,  to  refer  to  the  value  of  /  at  one 
of  the  supports,  etc. 

Li  =  2  /i  =  2  if  [tan  <^i  +  N/2  (sec  <^i  tan  ^i  +  gd-'  <f>i)]  (12) 

yi  =  a:  (sec  <^i  +  N/2  tan^  <^0  (13) 

Xi  =  2  jci  =  2  a:  (gd-'  <l>i  +  N  tan  <^i)  (14) 

Ti  ^  KWsecii>i  (16) 

H  =  Const.  =  Ti  i-  sec  (f>i  (18) 

Vi  =  Tisin^,  (17) 

Si  ^  yi-  K  ^  K  (sec  <^i  -  1  +  N/2  tan«  <^i)                     (18) 

where  L\  is  the  length  of  arc  between  supports,  i.e.,  the  length 
of  the  stretched  string,  yi  is  the  F-coordinate  of  a  support,  Xi 
is  the  length  of  span,  7*1  is  the  tension  tangential  to  the  string 
at  either  support,  Si  is  the  sag  at  the  center  of  the  span  and  is 
equal  to  the  vertical  distance  from  0  to  the  line  between  the 
supports,  etc. 

The  equations  for  length  of  arc,  span,  tension,  sag,  etc.,  are 
in  terms  of  K,  N,  and  functions  of  <^i.  As  these  equations  are 
difficult  to  use,  it  is  customary  to  assume  for  a  first  approxima- 
tion that  N  is  equal  to  zero,  i.e.,  that  the  string  does  not  stretch 
appreciable  under  tension.  Making  this  approximation,  the 
equations  of  the  simple  catenary  are  deduced.    They  are: 
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Li  =  2  jK:  tan  <^i  (19) 

yi  =  Jf  sec  ^1  (20) 

Xi  =  2Kgd-^<f>i  (21) 

Ti  =/CtFsec<^i  (22) 

if  =  Ti  -5-  sec  <^i  (23) 

7i  =  risin<Ai  (24) 

5i  =  ii:  (sec  ^1  -  1)  (26) 

While  the  equations  of  the  simple  catenary  can  be  changed  into 
many  different  forms,  the  ones  above  are  the  simplest  in  form  and 
show  that  the  various  quantities  of  interest  to  engineers  in  de- 
signing the  mechanical  characteristics  of  transmission  lines  are 
functions  of  K  and  <^i,  the  tension  including  another  factor,  W, 
the  weight  of  the  unstretched  conductor  per  unit  length. 

Unfortunately,  the  factor  K  is  difficult  to  deal  with  directly. 
It  can  be  eliminated  in  two  ways:  the  most  obvious  way  is  to 
take  ratios  of  the  quantities,  such  as  Li  -5-  -^i,  Xi  -s-  Tu  etc. 
The  important  equations  below  are  obtained  in  this  manner. 
These  equations  may  be  appropriately  called  the  characteristic 
ratios  of  the  simple  catenary* 

The  characteristic  ratios  of  the  simple  catenary  are: 


tan  4> 


Xt 

gd-'<t>x 

Xx 

_  2  fd->  <t>x 
sec«/>x 

Sx 

sec  01  —  1 

X, 

2  gd-»  01 

5. 

_  sec  01  —  1 

Ti 

sec  01 

5, 

_  sec  01  —  1 

Lx 

2  tan  01 

U 

_  2  tan  0, 

(28) 


X  W  ^^^^ 


(28) 


X  ~  .  (29) 


(30) 


Ti  sec0i  W      . 

*The  equations  are  given  for  one  point,  the  support,  on  the  catenary, 
because  the  quantities  in  these  equations  are  of  especial  interest  to  engi- 
neers. The  general  characteristic  ratios  of  the  simple  catenary  are  de- 
rived from  the  equations  of  /,  y,  x,  T,  etc.,  above.  Digitized  by  CjOOQIc 
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Table  I  gives  the  numerical  values  of  these  ratios  for  vari- 
ous values  of  the  angle  ^i.  From  these  values,  curves  can  be 
plotted  from  which  the  values  of  the  ratios  for  any  angle  less 
than  60  deg.  can  be  interpolated.  For  accurate  work  the  curves 
must  be  plotted  to  a  reasonable  scale.    However,  the  values  in 


TABLE  I 

Theoretical  Characteristic  Ratios 

(Based  on  W,  weight  per  unit  length,  equal  to  unity.) 


Angle 

Li 

Xx 
Tx 

5i 
Xi 

Si 
Tx 

Sx 
Lx 

Lx 
Tx 

0 

1 
2 

1.00005 
1.00020 

0.0349 
0.0698 

0.00436 
0.00873 

0.000152 
0.000609 

0.00436 
0.00873 

0.0349 
0.0698 

8 

4 
5 

1.00046 
1.00081 
1.00127 

0.1046 
0.1394 
0.1741 

0.01309 
0.01747 
0.02186 

0.001370 
0.002436 
0.003805 

0.01309 
0.01746 
0.02183 

0.1047 
0.1395 
0.1743 

6 

7 
8 

1.00184 
1.00250 
1.00327 

0.2087 
0.2431 
0.2774 

0.02626 
0.03066 
0.03508 

0.005478 
0.007454 
0.009732 

0.02620 
0.03058 
0.03496 

0.2091 
0.2437 
0.2783 

9 
10 
12 

1.00415 
1.00514 
1.00744 

0.3116 
0.3456 
0.413 

<0. 03951 
0.04397 
0.0529 

0.01231 
0.01519 
0.02185 

0.03935 
0.04374 
0.0525 

0.3129 
0.3473 
0.416 

14 
15 
16 

1.01084 
1.01173 
1.01340 

0.479 
0.512 
0.544 

0.0620 
0.0666 
0.0712 

0.02970 
0.03407 
0.03874 

0.0614 
0.0658 
0.0703 

0.484 
0.518 
0.551 

18 
20 
25 

1.01710 
1.02130 
1.03423 

0.608 
0.670 
0.817 

0.0805 
0.0900 
0.1146 

0.04894 

0.0603 

0.0937 

0.0792 
0.0882 
0.1108 

0.618 
0.684 
0.845 

30 
35 
40 

1.0510 
1.0726 
1.0999 

0.951 
1.070 
1.169 

0.1408 
0.1691 
0.2001 

0.1340 
0.1808 
0.2339 

0.1340 
0.1576 
0.1820 

1.000 
1.147 
1.285 

45 
50 
55 

1.1346 
1.1792 
1.2373 

1.246 
1.299 
1.324 

0.2350 
0.2749 
0.3220 

0.2929 
0.3571 
0.4264 

0.2071 
0.2331 
0.2603 

1.414 
1.532 
1.638 

60 

1.3152 

1.317 

0.3796 

0.5000 

0.2887 

1.732 

Table  I  are  computed  for  values  of  the  angle,  <^i,  sufficiently 
close  together  so  that  values  may  be  interpolated  from  the  table 
directly  for  all  ordinary  work  without  resorting  to  curves.  The 
constant,  W,  is  assumed  to  be  unity  in  Table  I.  The  values 
of  the  ratios  for  any  weight  per  unit  length  of  conductor  is  ob- 
tained by  simple  multiplication,  using  the  reciprocal  of  Wras 
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indicated  in  equations  (28)  to  (31)  inclusive.  Any  problem  in 
connection  with  the  simple  catenary,  in  which  any  two  of  the 
quantities  occurring  in  the  characteristic  ratios  are  given,  can  be 
solved  by  means  of  Table  I.  Thus,  if  length  of  conductor 
and  span  are  given,  the  tension,  sag,  etc.,  can  be  obtained  im- 
mediately from  the  table. 

The  other  method  of  eliminating  K  from  equations  (19)  to 
(25)  inclusive  is  not  quite  so  obvious  as  the  first  method.  Since 
some  of  the  equations  below  are  of  interest  in  their  general  form, 
t.c,  when  they  are  not  referred  to  the  point  of  suspension,  K 
will  be  eliminated  from  equations  (6),  (8),  (7),  etc.  Letting  N 
equal  zero  in  equations  (6)  and  (7), 

y  ==  K  sec  (f> 
x  =  K  gd-'  4> 
Combining  and  remembering  that  dy  -i-  dx  =  tan  <^ 

X  X 

y^Ksecgd-^  =  K  cosh  -^  (32) 

^  =  sinh  ^  =  tan  (f>  (33) 

<^  =  tan-*  sinh  ~  (34) 

Prom  (6),  letting  N  equal  zero  and  substituting  (84), 


/  =  ii:tan«/>  =  X^sinh^ 

(36) 

i,  =  2/i  =  22i:smhg-  =  2ii:sinh^ 

(36) 

From  (8)  and  (6),  letting  N  equal  zero  and  combining. 

T^KWsec<l> 

y  =  Ksec^ 

T^Wy 

(37) 

Substituting  (32)  in  (37). 

r-  WK  cosh -r 
A 

Ti  =  WK  cosh  ^  =  JT^  cosh  ^ 

(38) 
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Xi 
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tanh-^  YY~      2  tanh-*    ^  j- 
Substituting  this  value  of  K  in  (38),  letting  Li  -i-  2Ti  =  Qu 
T, ^\.     cosh  tanh-  -^ 

Z    i  1 

^^1  X-7=J (39) 


2  tanh~*  W Qi        V  1  -  W^d^ 

The  proof  of  the  reduction  formula  for  cosh  tanh"^  x  is  in  every 
way  analogous  to  the  proof  of  the  reduction  formula  for  cos 
tan""*  X, 

By  proofs  similar  to  the  one  leading  to  (39) 

i.  -  ^'  X  ^^'  (40) 

'        tanh-»  WQi        Vl  -  W^Qx^ 


5.-  ^' 


2tanh-»  WQy. 


(-rzWf  - ')         <"' 


These  last  three  equations  give  Tu  Lu  and  Si  in  terms  of  span, 
Xu  weight  per  unit  length  unstretched  conductor,  W,  and  a  ratio, 
Qu  which  is  of  course  merely  a  number.  Inspection  of  equations 
(28)  to  (31)  will  show  that  Ti,  Li  and  5i  are  dependent  on  W 
only  as  a  multiplying  factor  or  not  at  all,  hence  in  equations 
(39),  (40)  and  (41),  W  can  be  placed  equal  to  unity.  Also  Xi 
can  be  placed  equal  to  unity,  and  equations  (39),  (40)  and  (41) 
will  be  reduced  to  equations  for  unit  span  and  unit  weight  of 
conductor  per  unit  length.  Since  Xi  and  W  are  only  multiply- 
ing values,  the  tension,  length  of  arc  and  sag  for  any  values  of 
Xi  and  W  are  foimd  from  the  values  for  unit  span  etc.,  by  direct 
proportion  as  indicated  in  equations  (26)  to  (31)  and  (39)  to  (41). 

The  equations  (39)  to  (41)  may  be  used  to  compute  values  of 
Ti,  Li  and  5i  with  which  the  characteristic  ratios  of  a  simple 
catenary  may  be  computed.  Also,  curves  can  be  plotted  between 
Tu  Li  and  5i  as  has  already  been  done  in  an  excellent  article  by 
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Mr.  Thomas.  Mr.  Thomas  did  not  mention  in  his  article  the 
method  by  which  he  obtained  his  values,  but  the  equations  (39) 
to  (41)  can  be  used  for  this  purpose.  Given  suitable  tables  of  the 
hyperbolic  fimctions,  these  equations  are  simple  to  use,  because 
of  the  presence  of  the  same  functions  in  all  of  the  equations. 

Example,  To  find  the  tension  at  point  of  suspension  and  the 
sag  if  a  conductor  1001 .27  ft.,  (305 .  19  m.),  long  is  hung  between 
two  horizontal  supports  1000  ft.,  (304.80  m.),  apart,  W  —  1  lb., 
(0.4536  kg.).  From  the  data  given,  Li  4- Xi  =  1.00127. 
From  Table  I  this  is  seen  to  give  an  angle  at  the  supports 
equal  to  5  deg.  Hence,  as  read  from  the  table,  A'l  4-  Ti  =  0 .  1741 
or  Ti  =  5744  1b.,  (2605.4  kg.).  Also,  from  the  table,  5i -5- Xi 
=  0.02186,  or  Si  =  21.86  ft.,  (6.66  m.).  These  results  can  be 
checked  by  means  of  equations  (39)  to  (41).  From  the  values 
just  determined,  the  ratio  ^i  =  Li  -  2  Ti  =  0.08716.  Sub- 
stituting in  equation  (39),  Ti  =  57441b.,  (2605.4^ kg.).  Sub- 
stituting in  equation  (41),  S\  =  21.86  ft.,  (6.66  m.),  and  sub- 
stituting in  equation  (40),  Li  =  1001 .29  ft.,  (305.19  m.).  This 
checks  the  problem  and  also  the  formulas. 

The  above  check  was  made  using  six-place  logarithm  tables 
and  the  Smithsonian  tables  of  hyperbolic  functions.  The 
check  is  seen  to  be  very  good.  When  computing  the  values  in 
Table  I,  it  was  found  that  the  Smithsonian  tables  did  not  give 
the  values  of  the  anti-gudermanian  to  sufficient  decimal  places 
to  allow  one  to  determine  the  ratio  Li  -i-  Xi  =  tan  0i  -r-  gd"^  (f>i 
accurately  for  small  values  of  (f>i.  It  will  be  noticed,  by  refer- 
ence to  the  table,  that  this  ratio  does  not  differ  from  unity  by 
as  much  as  0 . 1  per  cent  until  <^i  becomes  as  great  as  five  degrees. 
Furthermore,  both  tan  (f>i  and  gd"^  <f>i  are  nearly  equal  for  small 
values  of  (f>i.  Hence,  in  order  to  calctilate  this  ratio  accurately, 
it  was  found  necessary  to  calculate  the  values  of  gd"^  0i  by  the 
equation, 

gd''(f>i  =  log.  tan  (7r/4  +  <f>i/2) 

The  characteristic  ratios  of  the  simple  catenary,  the  example 
above,  and  equations  (39)  to  (41)  are  all  based  on  the  assumption 
that  the  conductor  does  not  stretch,  i.e.,  that  the  elastic  constant, 
X  =  iV  -4-  jff,  is  equal  to  zero.  If  this  assumption  is  not  made, 
then  one  must  use  equations  (12)  to  (18)  inclusive  in  connection 
with  a  problem,  or  else  make  corrections  in  the  simple  formulae 
based  on  X  =  0.  The  constant  K  can  be  eliminated  from  equa- 
tions (12)  to  (18)  by  taking  ratios  as  has  already  been  done  for 
the  equations  for  the  simple  catenary.    If  this  is  donej^  the^i^QQl^ 
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characteristic  ratios  for  an  elastic  catenary  are  obtained.  Using 
bracketed  quantities  when  they  are  based  on  the  assimiption 
of  an  elastic  constant  different  from  zero,  the  characteristic 
ratios  follow: 


m- 


tan  it>x  +  N/2  (sec  </>i  tan  0i  +  gdr^  (f>i) 
gd"^  (f>i  +  N  tan  (f>i 


(42) 


2gd-^<f>i  +  2NtSLn<f>i  ^  J^  .^. 

sec<f>i  W 


sec  </>!  -  1  +  N/2  tan^  </>i 
2gd'^<f>i  +  2NtSLn<f>i 


(44) 


sec  <f>i-l  +  N/2  tan»  <^i    ^  _!_  .^j. 

sec  <f>i  W 


sec  01  -  1  +  N/2  tan»  </>i 


2  tan  <f>i  +  N  (sec  </>i  tan  <f>i  +  gd~^  <^i) 


(46) 


2  tan  <^i  +  iV  (sec  </>i  tan  <f>i  +  gd"^  <^i)    ^  J_  .^^. 
sec  <^i  W 


Letting  N  =^  0,  these  equations  reduce  to  equations  (26)  to  (31) 
inclusive,  the  six  characteristic  ratios  for  the  simple  catenary. 

It  is,  in  general,  impossible  to  use  the  characteristic  ratios  for 
the  elsistic  catenary.  Inspection  of  equations  (43),  (46)  and 
(47)  will  show,  however,  that  these  three  equations  can  be 
expressed  in  terms  of  the  ratios  of  the  simple  catenary.  Con- 
sider equation  (43), 


m- 


2  gd-'  <t>i  +  2  N  tan  (l>i       J_ 
sec  <t>i  ^ 


sec <^i     ^  W^        %^4>i        W 
=  ^+N^  (48) 

=  -TfT-  +  1^  X  Ti  COS  <t>i  (approx.) 

«■  -^  +  X  Li  cos  4>i  (approx.)  r^^^r^  (*®) 
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From  formulas  (46)  and  (47), 


m 


S         X 

^    +  -J-  -^1  sin  </>!  (approx.)  (60) 


T,     •    4 


IsTt]  =  "TT"  +  F  ^'  ^''^  *'  +  T  ^*  ''''^  "^^  (approx.)   (61) 

These  formulas  show  that  the  characteristic  ratios  for  the 
elastic  catenary  can  be  expressed  in  terms  of  the  corresponding 
ratios  for  the  simple  catenary  together  with  a  correction  factor. 
Inspection  will  show  that  any  correction  factor  is  but  a  small 
fraction  of  the  whole  expression,  hence  the  approximation  is 
close.    A  problem  will  illustrate  this  point. 

Let  Xi  =  1000,  IT  =  1,  X  =  2.41  X  10-^  to  determine  the 
tension,  sag  and  length  of  conductor  when  the  wire  is  strung 
between  horizontal  supports  so  that  <^i  =  5  deg.  From 
Table  I, 


X^ 
Xi 


=  1.00127,  hence  Li  =  1001.3 
=  0.1741,  «    Ti  =  5744 


=  0.02186,        «   5i  =  21.86 


'^'     _  n  noifiA         « 


Xx 
Using  formulas  (49),  (60)  and  (61), 

[-y^]  =  0.1743,    hence  [rj  =  5737 


003810,      «    [Si]  =21.86 


0.1745  "   [Li]  =  1001 


This  problem  shows  that  if  a  conductor  is  suspended  between 
horizontal  supports  1000  units  apart  so  that  the  angle  01  is  equal 
to  five  degrees,  the  sag  and  tension  will  be  essentially  the  same 
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whether  one  assumes  the  elastic  constant  equal  to  zero  or  equal 
to  its  true  value.  Inspection  of  equations  (48)  to  (61)  will  show 
that  this  conclusion  is  approximately  true  for  all  sags,  tensions, 
spans,  etc. 

It  is  to  be  noticed  that  equations  (48),  (60)  and  (61)  are  suffi- 
cient to  determine  the  remaining  three  characteristic  ratios 
of  the  elastic  catenary. 

The  problem  of  finding  how  the  sag  and  tension,  etc.,  vary 
with  temperature  change  is  simple  if  the  elastic  constant  is  as- 
sumed equal  to  zero.  The  problem  is  solved  at  one  temperature 
by  means  of  Table  I,  using  the  values  of  Lu  W,  etc.,  at  this 
temperature.  Then  the  new  length  and  new  weight  per  unit 
length  are  determined  at  the  new  temperature  by  means  of  the 
usual  formulas, 


where  Li  and  W  refer  to  temperatiu'e  /,  L\  and  W  refer  to  temp- 
eratiu-e  t'  and  a  is  the  temperatiu'e  coefficient  of  expansion. 
These  new  values  of  length  and  weight  are  substituted  in  the 
characteristic  ratios  for  the  simple  catenary  and  the  problem 
solved  by  use  of  Table  I,  assuming  the  span,  Xu  to  remain 
unchanged. 

In  all  of  the  problems  and  equations  above,  W  stands  for  the 
weight  of  unstretched  conductor  per  unit  length.  This  value 
includes  not  only  the  weight  of  the  material  of  the  conductor 
but  also  the  weight  of  ice  that  may  surround  the  conductor. 
If  wind  pressure  is  assumed  to  blow  the  conductor  out  of  the 
vertical  plane  so  that  it  still  hangs  in  the  form  of  a  catenary  curve 
then  W  will  include  the  factor  of  wind  pressiu-e,  the  resultant 
weight  per  unit  length  of  unstretched  conductor  being  the  vector 
stun  of  the  weight  of  conductor,  weight  of  ice  and  equivalent 
weight  of  wind  pressiu-e.  It  is  evident  that  the  first  two  factors 
add  arithmetically  and  act  downward  in  the  direction  of  the  force 
of  gravity  while  the  equivalent  weight  of  wind  pressiu-e  will  in 
general  be  at  right  angles  to  the  plane  of  the  conductor  when  it 
hangs  in  its  normal  position,  the  resultant  weight,  W,  acting  in 
the  plane  in  which  the  conductor  actually  hangs. 
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The  problem  of  finding  the  change  in  sag,  tension,  etc.,  due  to 
a  change  in  W  is  difficult  to  treat  accurately.  The  authors  know 
of  no  better  procedures  than  the  approximate  ones  suggested  by 
several  writers,  including  Mr.  H.  W.  Buck  and  Mr.  P.  H.  Thomas; 
references  to  these  articles  are  given  below.  This  general  prob- 
lem could  be  solved  immediately  by  use  of  the  characteristic 
ratios  of  an  elastic  catenary,  equations  (42)  to  (47)  inclusive, 
if  it  were  not  that  these  equations  are  too  complex  to  use. 

Experimental 
In  order  to  check  the  theoretical  equations  derived  above  with 
experimental  data,  an  experimental  span  was  erected  in  the 
laboratory.  A  large  I-beam  which  ran  the  length  of  the  labora- 
tory, about  200  ft.  (61 .0  m.),  was  used  as  a  support  for  the  wire 
span.  The  length  of  the  actual  span  was  190.70  ft.  (58.12  m.). 
No.  4  A.w.g.  hard  drawn  copper  wire  was  chosen  for  the  first 
tests,  which  are  the  only  tests  included  in  this  article.  In  order 
to  straighten  the  wire  it  was  stretched  to  about  its  elastic  limit 
and  then  allowed  to  hang  several  days  before  the  measurements 
were  begun.  Each  end  of  the  wire  was  caught  in  a  clamp  which 
was  free  to  turn  in  a  vertical  plane  determined  by  the  wire.  At 
one  end  of  the  span,  the  clamp  was  supported  by  means  of  a 
system  of  links  in  such  manner  that  the  horizontal  tension  could 
be  computed  directly  from  the  readings  of  a  small  platform 
balance.  The  vertical  tension  was  taken  as  the  weight  of  half 
of  the  wire  included  between  the  clamps.  The  sags  at  different 
points  in  the  span  were  measured  by  a  rod  from  stations  which 
had  been  leveled  by  means  of  a  surveyor's  level.  The  sags  were 
measured  at  nine  equidistant  stations  between  the  points  of 
suspension.  These  stations  were  numbered  1  to  9  consecutiv^ely, 
making  station  5  come  at  the  center  of  the  span.  The  points  of 
suspension  were  at  stations  0  and  10.  A  gallery  in  the  laboratory 
furnished  the  support  for  the  stations  and  the  wire  hung  down  in 
front  of  this  gallery.  This  arrangement  allowed  the  sag  measure- 
ments to  be  made  with  a  much  shorter  rod  than  would  have 
been  necessary  if  the  sags  had  been  measured  directly  from  the 
line  of  the  suspensions.  The  rod  with  which  the  sags  were  mea- 
sured ran  through  a  guide  which  was  set  up  vertically  at  each 
station,  and  contact  with  the  wire  was  judged  by  means  of  an 
electrical  contact  arrangement.  With  this  device  no  difficulty 
was  experienced  in  measuring  sags  to  about  0 .  02  inch  (0 .  051  cm.) ,' 
though  the  small  vibrations  of  the  wire  caused  by  machinery  in 
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the  laboratory  made  some  measurements  vary  by  as  much  as 
0.06  inch  (0.152  cm.). 

All  weights  were  obtained  oil  the  same  platform  balance  so 
that  the  calibration  of  the  balance  was  unnecessary.  It  was 
assumed  that  the  balance,  a  new  one,  would  give  a  straight  line 
for  the  calibration  curve.  All  lengths  were  referred  to  either  a 
B.  &  S.  steel  tape  or  to  a  Starrett  steel  tape.  These  tapes  were 
accepted  as  accurate. 

TABLE  II 
Charactbristic  Rxnos 
CompariBon  of  Bzperiment  and  Theory 


Li 

JCi 

•5i 

Si 

Si 

Li 

Run 

-zr    X  10-« 

-—   X  io-» 

-r-  X  10-« 

Xi 

Ti 

Xi 

Ti 

Li 

Tx 

No.  1 

A 

1.022 

6.48 

9.12 

6.01 

8.03 

6.61 

Bzp. 

■ 

B 

1.022 

6.42 

0.21 

6.01 

0.01 

6.64 

theory 

■ 

C 

1.022 

6.39 

0.12 

4.91 

8.02 

6.49 

■ 

■ 

D 

1.023 

6.48 

0.36 

6.16 

0.14 

6.62 

• 

No.  2 

A 

1.011 

3.05 

6.32 

2.40 

6.26 

3.90 

Bxp. 

m 

B 

1.011 

3.01 

6.38 

2.40 

6.31 

3.05 

theory 

m 

C 

1.011 

3.88 

6.32 

2.46 

6.26 

3.92 

m 

m 

D 

1.011 

3.06 

6.46 

2.66 

6.38 

3.99 

m 

No.  3 

A 

1.005 

2.72 

4.26 

1.161 

4.24 

2.73 

Bxp. 

■ 

B 

1.006 

2.60 

4.31 

1.161 

4.20 

2.70 

theory 

• 

C 

1.006 

2.66 

4.26 

1.138 

4.24 

2.68 

■ 

m 

D 

1.006 

2.72 

4.36 

1.180 

4.34 

2.74 

■ 

No.  4 

A 

1.002 

1.600 

2.46 

0.306 

2.46 

1.612 

Exp. 

■ 

B 

1.002 

1.574 

2.49 

0.395 

2.49 

1.676 

theory 

« 

C 

1.002 

1.651 

2.46 

0.384 

2.46 

1.663 

■ 

■ 

D 

1.002 

1.611 

2.66 

0.412 

2.66 

1.612 

■ 

No.  5 

A 

1.003 

0.846 

1.32 

0.112 

1.32 

0.846 

Exp. 

■ 

B 

1.005 

0.840 

1.32 

0.112 

1.32 

0.840 

theory 

m 

C 

1.006 

0.838 

1.32 

0.112 

1.32 

0.830 

« 

m 

D 

1.005 

0.844 

1.33 

0.113 

1.33 

0.846 

• 

Each  run  in  the  tests  consisted  in  drawing  the  wire  up  to  some 
desired  sag.  Then  balance  readings  were  taken  to  determine 
the  horizontal  tension,  and  sags  were  measured  from  the  leveled 
stations.  From  the  former  measurements  the  tension  at  the 
suspension  could  be  immediately  computed,  using  the  half  weight 
of  the  wire  in  the  span  as  the  vertical  tension.  The  weight  of 
the  wire  in  the  span  was  determined  by  weighing  and  measuring 
the  total  wire  used,  and  at  each  run  the  wire  that  extended  be- 
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yond  the  clamps  was  deducted.  The  angle,  0i,  between  the 
tension  in  the  wire  and  the  horizontal  could  be  determined  from 
the  balance  readings  and  weight  of  wire.  From  the  sag  measure- 
ments the  actual  sags  below  the  horizontal  line  through  the  points 
of  suspension  could  be  computed. 

Using  the  measured  values  of  </>i,  Xi,  Lu  T\  and  Su  the  char- 
acteristic ratios  for  the  span  could  be  computed  directly.  These 
values  are  shown  in  Table  II,  lines  A.  Using  the  measured 
values  of  </>i,  the  theoretical  values  of  the  characteristic  ratios 
for  a  simple  catenary  are  shown  in  lines  D.    Using  the  measured 


TABLE  III 
Sags  (unit  -  ft.) 
Comparison  of  Experiment  and  Theory 
Stations 


Rttn 

0  and  10 

landO 

2  and  8 

8  and  7 

4  and  6 

5 

No.  1 

A 

0 

6.31 

11.18 

14.63 

16.72 

17.38 

Exp. 

B 

0 

6.20 

11.16 

14.62 

16.60 

17.38 

theory 

C 

0 

6.45 

11.43 

14.07 

17.00 

17.70 

■ 

No.  2 

A 

0 

4.37 

7.73 

10.14 

11.50 

12.05 

Exp. 

B 

0 

4.36 

7.73 

10.13 

11.57 

12.05 

theory 

C 

0 

4.44 

7.86 

10.34 

11.81 

12.30 

■ 

No.  3 

A 

0 

2.05 

5.23 

6.85 

7.82 

8.13 

Exp. 

g 

B 

0 

2.02 

6.21 

6.83 

7.81 

8.13 

theory 

^ 

0 

3.00 

6.33 

6.00 

7.00 

8.32 

• 

No.  4 

A 

0 

1.72 

3.02 

3.06 

4.61 

4.68 

Exp. 

B 

0 

1.60 

3.00 

3.03 

4.50 

4.68 

theory 

C 

0 

1.76 

3.11 

4.08 

4.67 

4.86 

« 

No.  6 

A 

0 

0.01 

1.61 

2.11 

2.42 

2.52 

Exp. 

B 

0 

0.01 

1.61 

2.12 

2.42 

2.62 

theory 

C 

0 

0.02 

1.63 

2.13 

2.44 

2.54 

• 

values  of  Si  and  Tu  the  angle  01  can  be  interpolated  from  Table 
I  and  the  remaining  theoretical  characteristic  ratios  for  the 
simple  catenary  can  also  be  interpolated  from  Table  I.  These 
results  are  shown  in  lines  B,  Table  II.  The  lines  C  give  theore- 
tical values  based  on  the  mesisured  values  of  Si  and  Xi. 

Table  III,  lines  A,  shows  the  measured  sags  at  the  various 
stations.  Since  the  sags  at  stations  0  and  10,  1  and  9,  2  and  8, 
etc.,  should  correspond  respectively,  the  averages  of  these  values, 
are  shown  in  the  table.  The  theoretical  sags  of  a  simple  catenary 
which  would  pass  through  the  points  of  suspension  and  the  point 

Digitized  by  VjOOQIC 


1580  PIERCE,  ADAMS  AND  GILCHREST:  (June  25 

of  maximum  sag  as  determined  experimentally  are  given  in  lines 
J3,  Table  III.  The  theoretical  sags  of  a  simple  catenary  making 
an  angle,  <i>u  at  the  suspension,  equal  to  the  experimental  angle, 
are  given  in  lines  C,  Table  III. 

The  data  could  have  been  worked  up  in  various  ways  and  vari- 
ous comparisons  made,  but  the  tables  shown  above  give  as  com- 
prehensive an  idea  of  the  results  as  is  possible  in  the  space  used. 

Conclusion 

Inspection  of  Table  II  will  show  that  the  check  between 
experiment  and  theory,  which  is  based  on  the  characteristic 
ratios  of  the  simple  catenary,  is  very  good,  if  the  number  of 
variable  quantities  is  considered.  Inspection  of  Table  III 
will  show  that  the  theoretical  sag  is  greater  then  the  actual 
measured  sag.  The  wire  hung  approximately  m  the  form  of  a 
simple  catenary,  however,  as  is  shown  in  the  same  table.  In 
run  4,  Table  III,  the  wire  seems  to  have  departed  from  the 
catenary  form  at  stations  1  and  9,  also  at  2  and  8.  This  seeming 
departure  from  the  form  of  the  simple  catenary  was  due  to  the 
clamp  at  one  end  of  the  span  becoming  wedged  against  a  bolt 
head  as  the  sag  was  diminished.  The  effect  is  noticeable  in  run 
3.  Before  making  run  5,  the  trouble  was  located  and  the  wire 
again  hangs  in  the  form  of  a  simple  catenary  as  nearly  as  the 
measurements  will  show. 

The  authors  are  not  prepared  to  explain  why  the  meastired  sags 
were  less  than  the  sags  computed  from  the  measured  angle  01. 
If  the  angle  0i,  as  meavsured,  was  too  large,  this  would  mean 
that  the  measured  horizontal  tension  or  the  measured  vertical 
tension  was  not  accurate,  but  careful  check  of  the  apparatus  did 
not  prove  this  assumption.  It  should  be  pointed  out,  furthermore, 
that  no  attempt  was  made  to  correct  for  temperature  changes 
of  the  laboratory  during  the  experiments.  The  changes  were 
small.  When  tested  at  several  different  times,  the  temperature 
was  found  not  to  vary  more  than  two  deg.  cent. 

Further  experiments  with  wires  of  different  sizes  are  being 
carried  on  at  the  present  time.  Next  winter,  it  is  proposed  to 
test  the  change  of  sag  and  tension  with  temperature  change. 
The  apparatus  was  not  completed  in  time  to  take  advantage  of 
the  cold  weather  during  the  past  winter  to  obtain  the  lower 
temperatiu-es. 

The  authors  wish  to  add  that  the  use  of  hypefbolic  functions 
has  become  too  general  in  engineering  to  need  apology.    The  use 
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of  the  Gudermannian  function  and  its  inverse  are  not  so  general, 
but  their  value  is  evident.  The  significance  of  these  functions 
is  partially  deduciblc  from  the  equations,  gd  x  =  tan~^  (sinh  x), 
gd"^  X  =  sinh~*  (tan  x).  For  further  information  about  hyper- 
bolic functions  and  the  Gudermannian,  see  references. 
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ELECTRICAL  REQUIREMENTS  OF  CERTAIN 
MACHINES  IN  THE  RUBBER  INDUSTRY 


BY   C.    A.    KELSEY 


This  paper  is  intended  to  outline  briefly  the  power  require- 
ments of  some  of  the  principal  machines  which  work  up  crude 
rubber  and  render  it  suitable  for  the  manufacture  of  various 
articles. 

The  principal  source  of  rubber  is  the  wild  trees  of  Brazil, 
although  cultivated  rubber  in  incresising  quantities  is  now 
produced  in  East  India,  Ceylon,  Malayan  Peninsula  and  South- 
em  Mexico.  The  former  reaches  the  factory  in  the  form  of 
balls  or  biscuits  about  a  foot  in  diameter.  Cultivated  rubber  is 
universally  washed  and  sheeted  at  the  plantation  and  is  shipped 
in  the  form  of  cakes  of  folded  sheets. 

Washing.  After  the  bisctiits  have  been  cut  into  chunks  and 
softened  in  a  bath  of  warm  water,  they  are  fed  into  a  cracker  or 
rough  washing  mill.  This  mill  consists  of  two  or  three  rolls 
.between  which  the  rubber  passes,  is  torn  apart  and  rolled  out 
into  a  Augh  sheet.  Water  flowing  through  the  rubber  in  its 
passage  through  the  rolls  washes  out  part  of  the  entrapped  dirt. 

These  mills  run  at  a  constant  speed  of  20  to  25  rev.  per  min. 
The  load  is  very  irregular  and  depends  upon  the  feeding  of  the 
mill.  A  three-roll  washer  with  continuous  feeding  requires  an 
average  of  25  to  35  h.p.,  with  power   peaks  of  100  h.p. 

The  rough  sheet  is  then  passed  through  a  single  set  of  rolls 
where  it  is  further  washed  and  rolled  out  into  a  sheet  or  '*  crepe.*' 

These  mills  run  at  a  constant  speed  of  about  25  rev.  per  min. 
The  load  is  fairly  uniform  as  the  rubber  is  already  in  the  form  of 
a  rough  sheet.    The  power  required  averages  20  to  25  h.p.  and 
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occasionally  runs  up  to  50  h.p.  when  the  sheet  is  introduced 
between  the  rolls  after  being  doubled. 

After  the  crepe  has  been  dried  either  in  a  drying  room,  where  it 
is  suspended  from  the  ceiling,  or  placed  in  a  vacuum  drier,  it  is 
ready  to  be  masticated  and  mixed  with  the  suitable  ingredients 
to  form  various  compounds. 

Masticating,  The  dried  crepe  must  be  worked  or  masticated 
into  a  homogeneous  and  plastic  state  before  the  ingredients  are 
added.  This  is  most  economically  done  in  a  shorter  mill  than 
a  mixing  mill.  The  power  required  at  the  beginning  of  the  pro- 
cess is  greater  than  at  the  end  and  runs  up  to  a  high  value  as  the 
rubber  is  cut  free  from  the  roll  and  doubled  back  in  again.  From 
tests  on  a  50-in.  (1.27-m.)  face  mill  the  average  power  was  37 
h.p.  and  the  maximum  74  h.p.,  while  a  60-in.  (1.52-m.)  face 
mill  required  an  average  power  of  90  h.p.  and  a  maximum  of 
140  h.p. 

Mixing,  Pure  rubber  is  never  used  in  the  manufacture  of 
rubber  articles  without  first  adding  to  it  some  other  substance. 
Different  materials  are  employed,  depending  upon  the  use  and 
desired  characteristics  of  the  rubber  product.  Some  materials 
increase  the  elasticity,  some  impart  hardness  and  toughness 
and  some  act  as  mechanical  fillers  to  cheapen  the  product  with- 
out materially  affecting  the  desired  characteristics. 

Where  the  rubber  is  masticated  in  the  mixing  mill,  the  predeter- 
mined weights  of  the  various  substances  are  added  in  a  powdered 
or  liquid  state  only  after  the  masticated  rubber  has  been  thor- 
oughly worked  and  warmed.  As  the  ingredients  impart  different 
degrees  of  hardness  and  toughness  to  the  final  product  so  will 
the  power  to  drive  the  mill  vary. 

The  speed  of  the  rolls  ranges  from  20  to  25  rev.  per  min.  A 
40-in.  (1-m.)  face  mill  requires  about  20  h.p.  average ^and  40* 
h.p.  maximum  on  relatively  soft  compound  and  25  h.p.  average 
and  55  h.p.  maximum  on  hard  compound  while  a  60-in.  (1 .5-m.) 
face  mill  requires  55  h.p.  average  and  120  h.p.  maximum  on 
medium  compound. 

Refining,  In  some  installations  the  compound  after  leaving 
the  mixing  mill  is  passed  through  machines  that  strain  it  and 
reduce  it  to  a  very  thin  sheet.  The  strainers  are  in  principle 
like  a  meat  grinder.  A  feed  screw  revolving  inside  a  water- 
jacketed  cylinder  forces  the  compound  through  a  fine  mesh 
screen  which  is  backed  up  by  a  perforated  plate.  This  removes 
all  solid  foreign  objects  which  ordinarily  find  their  way  into  the 
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material.  The  compound  becomes  heated  more  or  less  as  it 
passes  through  the  strainer  and  the  final  temperature  must  be 
kept  below  a  given  value.  The  heating  varies  with  the  compound 
and  the  initial  temperature.  An  efficient  means  of  maintaining 
maximum  output  is  to  vary  the  speed.  This  therefore  requires  an 
adjustable-speed  motor.  A  two-to-one  speed  range  is  sufficient. 
The  power  required  is  25  h.p.  over  the  whole  range.  The  harder 
compounds,  requiring  high  torque  are  run  at  the  slow  speeds  and 
the  soft  compounds  requiring  less  torque  are  run  at  the  high 
speeds. 

After  passing  through  the  strainers  the  compound  is  passed 
through  a  refiner,  which  is  a  small  mill  whose  rolls  are  held  very 
close  together.  The  compound  is  run  through  at  a  thickness  of 
approximately  three  mils,  being  passed  through  several  times  and 
finally  scraped  off  the  roll  as  it  comes  through.  It  is  then  bundled 
up  and  is  ready  for  the  warming  mill. 

The  mills  are  run  at  constant  speed  and  uniform  load.  The 
power  required  does  not  exceed  25  h.p. 

Warming.  Although  the  compound  is  warmed  in  the  mixing 
mills,  it  cannot  always  be  used  at  once  in  the  calenders,  and, 
moreover,  it  is  beneficial  to  the  compound  to  let  it  season  before 
calendering.  Warming  mills  are  therefore  essential  to  warm  the 
compound  when  it  finally  comes  to  the  calenders.  These  mills 
are  identical  with  the  mixing  rolls  except  that  they  are  equipped 
with  steam-heated  rolls.  The  power  required  is  slightly  less  than 
for  the  mixing  rolls. 

Tubing.  When  the  article  to  be  produced  is  tubular  or  ring- 
shaped  the  compound  is  forced  through  tubes.  This  machine 
is  similar  to  a  strainer  excepting  that  instead  of  a  screen  and 
perforated  plate  the  machine  is  fitted  with  a  disk  which  delivers 
the  compound  in  the  form  of  a  tube. 

The  speed  and  power  requirements  approximate  those  of  a 
strainer. 

Calendering.  Practically  all  rubber  compounds,  with  the  excep- 
tion of  those  run  through  tubes  and  for  the  manufacture  of 
molded  articles,  are  sheeted  in  a  calender. 

This  machine  has  a  series  of  rolls  two  or  four  in  number 
arranged  one  over  the  other,  between  which  the  compound  is 
passed  to  form  a  sheet.  The  surface  of  the  rolls  is  finished  smooth 
and  the  space  between  the  rolls  is  adjustable  to  a  very  fine  degree. 
The  rolls  are  fitted  with  steam  and  water  connection  to  heat  or 
cool  the  compound  as  required. 
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The  power  required  to  drive  a  calender  varies  over  a  wide 
range  depending  on  the  character  of  the  compound,  thickness, 
width  and  speed.  The  sj^eed  is  limited  to  that  at  which  the 
compound  can  be  run  without  blistering  or  the  forming  of  a 
rough  surface.  When  the  calender  is  started  up  with  cold  rolls 
the  permissible  speed  is  higher  than  after  the  cooling  rolls  become 
heated.  As  these  rolls  become  heated,  it  is  necessary,  in  order  to 
obtain  the  desired  surface  of  the  sheet,  to  reduce  the  speed. 
A  fine  speed  graduation  is  therefore  necessary  to  maintain  a 
maximum  output.  The  torque  required  depends  upon  the  thick- 
ness and  material  and  there  are  so  many  combinations  possible 
together  with  the  speed  requirements  that  it  is  difficult  to 
formtdate  any  rule  to  determine  the  power.  The  motor  must  be 
large  enough  to  meet  the  extreme  conditions. 

From  a  number  of  tests  made  it  is  found  that  an  18-in.  (45 . 6- 
cm.)  diameter,  40-in.  (1-m.)  face,  three-roll  calender  nmning  at 
a  surface  speed  of  37  ft.  (11.2  m.)  per  minute,  requires  an  aver- 
age of  20  h.p.  A  24-in.  (60-cm.)  diameter,  48-in.  (1.2-m.)  face 
three-roll  calender  running  at  a  surface  speed  of  35  ft.  (10.6  m.) 
per  minute  requires  an  average  of  35  h.p.  and  a  22-in.  (55 . 8-cm.) 
diameter,  65-in.  (1.64-m.)  face,  three-roll  calender  running  at  a 
surface  speed  of  36  feet.  (10 .9  m.)  per  minute  requires  an  average 
of  45  h.p. 

Some  compounds  that  are  run  through  the  calender  in  succes- 
sive layers  which  build  up  to  J^  inch  (1 .  27  cm.)  or  even  54  in.  (1 . 9 
cm.)  must  be  run  at  approximately  20  ft.  (6  m.)  per  minute, while 
for  ''  friction  "  work  the  speed  of  the  driven  roll  may  be  80  ft. 
(24.3  m.)  per  minute.  The  thick  sheets  will  require  slightly 
greater  torque  than  the  average  thickness,  while  the  torque  for 
so-called  "  friction  **  work  is  considerably  less. 

The  term  frictioning  is  applied  to  that  process  performed  by 
a  calender  in  forcing  a  soft  rubber  compound  into  the  meshes  of 
cotton  fabric.  It  is  preliminary  to  the  skimming  or  coating  of 
the  fabric.  The  rubber  compound  is  very  soft  and  plastic  and  is 
rubbed  in  by  the  action  of  the  driven  roll,  which  travels  at  a 
faster  speed  than  the  roll  carrying  the  fabric. 

As  the  compound  and  fabric  are  fed  through  in  a  continuous 
sheet  the  power  required  for  a  given  material,  thickness  and 
width  is  quite  uniform. 

Motor  Characteristics 
In  considering  the  power  and  speed  requirements  of  the  dif- 
ferent machines,  it  is  seen  that  the  mills  for  working  up  the  rubber 
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and  mixing  it  to  form  the  various  compounds,  call  for  extreme 
overloads  but  of  short  duration.  By  grouping  these  mills  and 
driving  by  a  single  motor  the  load  peaks  can  be  reduced.  Instead 
of  the  maximum  values  being  200  per  cent  of  the  average,  it 
has  been  determined  that  this  can  be  reduced  to  150  per  cent  by 
driving  with  one  motor  a  group  of  six  mills  used  for  masticating, 
mixing  and  warming. 

Where  individual  drive  is  used,  alternating-current  polyphase 
squirrel  cage  motors  are  best  suited  to  carry  the  high  load  peaks. 
By  grouping  the  mills,  a  motor  of  a  smaller  capacity  than  the 
aggregate  of  the  individual  motors  can  be  employed.  Moreover, 
synchronous  motors  can  then  be  installed  and  assist  in  correcting 
the  power  factor  of  the  general  power  load.  The  mills  are  gen- 
erally equipped  with  jaw  clutches  which  can  be  open  or  closed 
while  the  shaft  is  running.  The  synchronous  motor  can  thus  be 
disconnected  from  the  mills  at  starting.  The  selection  of  squirrel 
cage  or  wound  rotor  induction  motor  depends  upon  the  local 
starting  restrictions,  as  the  squirrel  cage  motor  will  easily  bring 
the  shaft  up  to  speed  even  with  all  mills  connected. 

Direct-current  motors  are  sometimes  used  when  this  is  the 
power  available,  but  they  are  more  expensive  and  not  so  well 
suited  to  the  load  conditions. 

The  calenders,  as  mentioned,  require  close  speed  control  over 
a  range  of  four  to  one.  This  can  best  be  accomplished  by  a 
direct-current  motor,  which  is  the  general  practise.  A  number  of 
schemes  have  been  employed  to  accomplish  this.  Among  them 
might  be  mentioned  the  mtdti-voltage  and  adjustable  voltage 
methods. 

The  motor  is  excited  at  constant  field  strength  and  the  arma- 
ture supplied  with  a  variable  voltage.  This  variable  voltage 
can  be  produced  by  a  series  of  different  voltage  generators  or  by 
a  rotary  compensator  or  booster  set. 

A  modification  of  the  preceding  is  a  three-wire,  two-voltage 
source  of  armature  supply  combined  with  adjustable  speed  by 
field  control.  The  first-mentioned  methods  produce  a  wide  speed 
range  but  are  expensive  because  of  the  number  of  machines 
required  for  each  calender.  The  second  method  produces  a  less 
speed  range  but  is  less  expensive,  particularly  where  a  large 
number  of  calenders  are  installed. 

With  the  more  recent  general  application  of  commutating 
poles  to  direct-current  motors  a  greater  speed  range  is  permissible 
with  constant  armature  voltage  and  varying  field  strengths. 

This  last-mentioned  method  results  in  the  simplest  equipment  Ic 
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as  a  whole.  The  motor  must  be  larger  but  is  therefore  more 
substantial,  while  the  control  can  be  made  extremely  simple,  or 
it  can  be  made  entirely  automatic,  thus  calling  for  a  minimum 
of  attention  and  care  from  the  operator. 

The  tubers  also  require  a  direct-current  motor  and  the  last- 
mentioned  method  of  speed  control  is  particularly  adapted  to 
these  machines. 

As  the  power  to  drive  the  mills  is  by  far  the  greatest  portion 
of  the  total  power,  alternating  ciurent  will  generally  be  selected. 
This  therefore  requires  a  motor-generator  set  or  synchronous 
converter  to  deliver  direct  current  to  the  calenders  and  tubers. 
These  machines  can  be  used  to  correct  the  power  factor  of  the 
general  power  circuit. 

Motor  Control 
As  the  motors  to  drive  the  mills  are  run  at  constant  speed, 
starting  devices  only  are  required.  A  speed-controlling  device 
must,  however,  be  furnished  with  the  motors  driving  the  tubers 
and  calenders.  The  former  machines  are  simple  in  operation  and 
a  controller  for  hand  operation  which  combines  starting  and  speed 
adjustment  is  sufficient.  The  calenders,  however,  require  closer 
attention  and  must  be  capable  of  starting  and  stopping  by  the 
simplest  means  on  the  part  of  the  operator.  This  is  best  met  by 
a  control  which  enables  the  operator  to  bring  the  calender  up  to 
speed  by  moving  the  controller  handle  around  to  obtain  the 
desired  speed.  Automatic  acceleration  should  be  provided  to 
limit  the  current  input  while  the  controller  handle  is  being  moved 
around.  It  should  then  be  possible  to  shut  the  calender  down  by 
pushing  a  button  located  on  the  calender.  The  speed  of  the  cal- 
ender should  be  retarded  by  dynamic  braking  of  the  motor. 
This  is  to  provide  a  safety  feature  in  respect  to  the  operator  in 
case  his  hand  should  be  caught  between  the  rolls.  Also,  it  is 
desirable  to  stop  quickly  to  save  material  otherwise  wasted  by 
the  coasting  of  the  motor.  It  should  then  be  possible  to  bring 
the  calender  up  to  the  same  speed  as  before  by  pushing  a  button 
on  the  calender.  Means  should  be  provided  for  reversing  the 
direction  of  rotation  of  the  motor  to  assist  in  maniptdating  the 
calender  and  also  in  case  anything  should  be  caught  between  the 
rolls  and  it  becomes  necessary  to  back  it  out.  The  control  should 
also  include  overload  and  low  voltage  release  features  and  be 
immune  from  damage  to  itself  or  the  motor  in  case  the  operator 
fails  to  close  or  open  the  proper  switches. 
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Discussion  on  "The  Behavior  of  Synchronous  Motors 
During  Starting"  (Newbury),  "Commutating  Pole 
Saturation  in  Direct-Current  Machines"  (Stokes), 
"Constant  Voltage  Transmission"  (Dwight)  and  "The 
Industrial  Use  of  Synchronous  Motors  by  Central 
Stations"  (Parker),  Cooperstown,  New  York,  June 
25,  1913. 

William  J;  Foster:  The  self -starting  synchronous  motor  has 
one  bad  characteristic  and  that  is  the  induced  potential  across 
the  field  terminals.  It  is  something  which  exists  in  the  nature 
of  the  apparatus.  Of  course,  if  we  keep  down  the  number  of 
turns  in  the  field  winding,  we  always  can  help  out  in  the  matter 
of  induced  potential,  but,  as  is  stated  by  Mr.  Newbury,  it  is  not 
always  convenient  to  do  this.  As  a  general  rule,  125  volts  has 
been  regarded  as  standard,  and  we  can  design  and  wind  the  fields 
and  insulate  them  so  as  to  take  care,  ordinarily,  of  125- volt  wind- 
ings, but  when  it  comes  to  250  volts  it  begins  to  be  a  serious 
matter.  The  insulation  problem  is  serious.  In  such  cases  I 
have  known  of  this  scheme  of  short-circuiting  the  field  to  have 
been  the  practical  solution  of  the  problem,  but  in  general,  as 
pointed  out  by  the  author,  the  short-circuiting  of  the  field  de- 
tracts from  the  starting  torque  per  input.  That  being  the  case, 
it  is  extremely  desirable  to  excite  at  lower  potential. 

There  is  a  particular  use  which  can  be  made  of  the  short-cir- 
cuited field  that  I  have  known  to  have  been  resorted  to  in  a 
number  of  cases  of  motors  that  have  an  increasing  torque  from 
rest  to  synchronous  speed,  and  that  is  to  short-circuit  the  field 
when  about  two-thirds  speed  has  been  attained.  By  doing 
that  the  torque  can  somewhat  be  increased  at  the  higher  speed, 
before  you  reach  the  point  where  excitation  can  be  applied. 

I  think  there  are  many  places  where  synchronous  motors  are 
now  installed  and  some  difficulty,  perhaps,  is  experienced  in 
starting  up  at  the  pulling-in  point,  where  by  installing  a  resist- 
ance and  short-circuiting  the  field  much  better  results  can  be 
obtained. 

August  H.  EIruesi:  I  want  to  suggest  that  the  author  give 
us  the  number  of  slots  per  pole,  the  radial  depth  of  air  gap  and 
the  number  of  bars  in  the  short-circuiting  winding  for  both  ma- 
chines so  that  we  can  tell  to  what  extent  the  performance  depends 
upon  the  particular  design  of  the  machine  tested. 

F.  D.  Newbury:  The  number  of  armature  slots  per  pole  is 
twelve,  and  the  radial  depth  of  air  gap  3/16  in.  (4.76  mm.)  The 
number  of  damper  bars  per  pole  is  seven  and  the  damper  wind- 
ing is  of  the  same  type  as  shown  in  Fig.  1.  The  armature  slot 
pitch  is  0.88  in.  (22.35  mm.)  and  the  damper  slot  pitch  is  1.15  in. 
(29.2  mm.) 

H.  M.  Hobart:  Mr.  Stokes's  paper  draws  attention  to  one 
of  the  greatest  difficulties  in  connection  with  the  design  of  ma- 
chines with  commutating  poles.    The  commutating  pole  certainly 
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has  been  of  very  great  service  in  improving  the  design  of  commu- 
tating  machinery,  but  there  are  two  sides  to  the  matter  and  it  has 
always  seemed  to  me  that  it  should  not  be  used  to  any  greater 
extent  than  is  necessary  for  the  accomplishment  of  the  purpose 
for  which  it  is  put  there.  At  its  advent,  designers  used  it  to  a 
very  great  extent  and  overdid  the  thing.  The  reasoning  was 
that  since  with  the  commutating  pole  one  could  offset  very  large 
reactance  voltages  in  the  coil  undergoing  commutation, 
there  was  no  need  for  any  great  subdivision  of  the  commutator. 
It  was  considered  that  by  having  fewer  segments  and  cheapen- 
ing the  construction  of  the  commutator  one  could  get  as  good 
results  by  neutralising  the  reactance  voltage  in  the  short-cir- 
cuited coil  by  appropriately  designed  commutating  poles,  but 
it  soon  became  apparent  that  there  would  be  a  tremendous  mag- 
netic leakage  from  these  small  commutating  poles  to  the  large 
main  poles.  Some  designers  appreciated  that,  but  they  were 
in  a  small  minority.  Most  designers  made  the  commutating 
poles  the  full  length  of  the  machine,  but,  as  Mr.  Stokes  points 
out,  there  is  200  or  300  per  cent  magnetic  leakage  under  these 
circumstances,  unless  you  are  quite  careful  in  the  design  of  the 
machine. 

I  considered  right  from  the  beginning,  that  the  use  of  the 
commutating  pole  should  be  as  follows:  to  design  the  machine 
as  well  as  you  could,  quite  aside  from  the  commutating  pole, 
and  then  put  in  enough  commutating  pole  to  neutralize  the 
amount  of  reactance  voltage,  which  you  ordinarily  have  in  the 
machine,  or  as  much  of  it  as  is  necessary  to  insure  good  com- 
mutation. My  experience  has  been  that  it  has  usually  worked 
out  admirably  to  have  the  commutating  pole  extend  only  a  very 
short  distance  in  a  direction  parallel  to  the  shaft.  Make  it  as 
short  as  possible  for  the  requirements.  One  should  follow  the 
procedtu-e  of  first  designing  the  machine  as  good  as  possible, 
without  any  reference  to  the  intention  which  you  have  in  re- 
serve of  adding  the  commutating  pole. 

Designers  have  been  tempted  to  employ  high  reactance  volt- 
ages. If,  for  example,  a  machine  were  planned  with  a  reactance 
of  4  volts  in  the  short-circuited  coil,  it  might  require  that  the 
commutating  pole  should  extend  the  full  width  of  the  machine. 
If,  however,  a  better  design  had  been  employed  and  the  react- 
ance voltage  had  been  limited  to  2  volts,  then  the  machine  could 
have  been  fitted  with  commutating  poles  of  only  half  as  great 
a  length.  This  would  have  resulted  in  reducing  the  magnetic 
leakage  and  in  less  obstruction  to  the  circulation  of  air  amongst 
the  poles. 

Even  at  this  late  date,  although  the  commutating  pole  has 
been  used  extensively  for  10  years,  there  is  still  great  need  to 
emphasize  this  viewpoint.  I  am  interested  to  see  that  the  matter 
is  being  reduced  to  quantitative  constants  that  will  be  of  great 
aid,  I  have  no  doubt,  to  the  designer. 

F.  D.  Newbury:  My  own  experience  with  direct-current 
design  has  been  largely  second-hand,  and  the  experience  I  have 
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had  has  been  in  connection  with  altemating-ctirrent  problems. 
It  has  always  seemed  to  me  that  designers  of  direct-current 
machines  have  been  more  inclined  to  approach  their  problems 
through  empirical  methods  than  have  designers  of  alternating- 
current  machinery.  Possibly  this  is  due  to  their  older  ex- 
perience, and  the  further  distance  they  are  away,  in  their 
methods,  from  the  simple  fundamentals.  That  at  least  has 
seemed  to  be  the  tendency. 

It  is  the  greater  pleasure,  therefore  to  note  that  in  the  present 
paper  the  author  has  got  down  to  fundamentals,  has  made  up 
his  formulas  from  the  results  of  careful  experiment,  and  has 
approached  the  subject  from  the  scientific  and  physical  stand- 
point rather  than  from  the  empirical. 

While  the  paper  is  primarily  of  interest  to  the  designer,  it  is, 
I  think,  also  of  interest  to  the  men  using  direct-current  apparatus. 
There  is  a  direct  and  partictdar  relation  between  the  commuta- 
ting  pole  saturation  and  the  ability  of  a  given  machine  to  with- 
stand heavy  overloads.  It  is,  of  course,  on  overloads  that  the 
saturation  of  the  commutating  pole  becomes  apparent  and  the 
non-compensated  reactance  volts  cause  dangerous  sparking. 
All  direct-current  machines,  even  the  compensated  type,  wUl 
flash  on  dead  short  circuit  where  the  current  will  be  an3rthing 
from  15  to  20  times  full  load  current.  I  have  had  many  tests 
made,  which  have  borne  out  the  statement  that  most  machines 
will  flash  very  seriously  with  currents  from  five  to  ten  times  full 
load  current.  Those  machines  in  which  the  commutating  poles 
have  been  liberally  proportioned,  and  more  important  still,  as 
Mr.  Hobart  pointed  out,  machines  in  which  the  reactance  volts 
have  been  made  a  minimum  are  the  machines  that  will  with- 
stand the  heaviest  shocks  and  behave  best  on  short  circuits. 

J.  M.  Hippie:  In  connection  with  Mr.  Hobart's  remarks, 
I  call  to  mind  a  very  extensive  series  of  tests  which  showed  clearly 
the  advantage  gained  by  the  use  of  commutating  poles.  This 
test  was  made  to  determine  if  the  commutating  pole  had  any 
logical  use  in  constant  speed  motor  design.  For  some  time  its 
usefulness  in  adjustable  speed  motors  had  been  conceded.  A 
considerable  number  of  representative  motors  of  various  makes 
were  given  endurance  tests  under  these  three  conditions: 

1.  Full  load  and  normal  voltage. 

2.  Fidl  load  and  10  per  cent  telow  normal  voltage. 

3.  Full  load,  normal  voltage  and  15  per  cent  increased  speed 
by  weakening  the  shunt  field. 

The  motors  tested  were  all  of  the  non-commutating  pole  type 
and  under  condition  (1)  practically  all  gave  good  results,  while 
under  conditions  (2)  and  (3)  burning  and  blackening  of  the  com- 
mutator developed  in  time.  Similar  tests  on  a  series  of  com- 
mutating pole  motors  showed  that  under  all  three  conditions, 
the  commutator  showed  no  signs  of  blackening  or  burning. 
Conditions  (2)  and  (3)  are  not  to  be  considered  abnormal  and 
must  be  provided  for  and  the  commutating  pole  when  properly 
proportioned  takes  care  of  them  perfectly.  C^nna]c> 
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H.  M.  Hobart:  Commutating  poles  are  used  as  an  antidote 
for  certain  troubles,  and  if  the  antidote  is  used  to  too  great  an 
extent  it  may  cause  a  condition  which  is  worse  than  that  which  it 
was  designed  to  cure.     That  is  the  point. 

John  M.  Hippie:  There  are  two  ways  of  considering  the 
commutating  pole,  one  as  an  antidote  for  commutation  troubles 
and  another  as  a  prime  factor  in  design.  In  my  opinion  it  has 
a  proper  and  very  important  field  as  a  prime  factor  in  design, 
just  as  in  the  non-commutating  pole  motor  the  saturated  pole 
tip  is  often  used  as  a  prime  factor. 

H.  E.  Stokes :  In  regard  to  Mr.  Hobart 's  remarks  on  the  short 
interpoles,  it  seems  to  be  the  general  experience  that  it  is  well 
to  make  them  shorter  than  the  armature,  say  about  50  or  60 
per  cent  of  the  length  of  the  armature,  and  that  has  the  effect  of 
permitting  the  heat  to  get  away  from  the  armatures  as  Mr. 
Hobart  pointed  out.  Something  can  be  done  to  get  away  from 
the  leakage  question  by  making  the  interpole  shorter,  as  regards 
the  armature,  and  lengthening  it  up  near  the  frame. 

In  regard  to  what  Mr.  Newbury  had  to  say  about  machines 
flashing  over,  whether  they  are  compensated  or  not,  that  is 
mostly  due  to  the  commutating  pole  fltix  lagging  behind  the  react- 
ance voltage,  which  causes  a  flash-over  which  can  scarcely  be 
taken  care  of  by  the  commutator  form. 

F.  D.  Newbury:  Mr.  Dwight's  paper  presents  very  clearly 
the  advantages  of  synchronous  condensers  in  holding  constant 
voltage  at  the  end  of  a  long  transmission  line.  There  is  one 
application  which  I  understand  has  already  been  made  where 
such  a  use  of  synchronous  condensers  was  a  necessity — the  com- 
bination of  a  long  line  at  high  voltage  and  at  high  frequency  so 
that  operation  with  a  light  load  at  the  receiving  end  made  it 
absolutely  necessary  to  install  such  synchronous  condensers  in 
order  to  hold  the  voltage  down  to  normal,  due  primarily,  of 
course,  to  the  small  generating  capacity  in  comparison  with  the 
length  of  the  line.  In  that  case  synchronous  condensers  of  half 
the  capacity  of  the  generators  at  the  generating  station  were 
installed.  That  is  a  special  application  of  the  general  plan  ad- 
vanced by  Mr.  Dwight,  and  I  am  quite  sure  merely  points  the 
way  to  a  more  general  use  of  such  synchronous  condensers. 
As  Mr.  Dwight  points  out,  the  use  of  such  a  large  additional 
generator  capacity  can  only  be  justified  in  the  case  of  long  lines, 
where  the  cost  of  the  line  will  be  a  more  important  item  in  the 
total  cost  than  the  cost  of  the  main  and  substation  machinery. 

Mr.  Dwight  refers  to  railway  work  as  possibly  the  single 
exception  to  the  general  use  of  60  cycles.  I  would  point  out  that 
it  is  becoming  more  and  more  frequent  to  use  60  cycles  for  rail- 
way work,  employing  60-cycle  synchronous  converters.  In  the 
work  of  one  of  the  larger  manufacturing  companies  it  has  become 
very  apparent  that  the  use  of  synchronous  converters,  in  the 
smaller  sizes  up  to  1000  kw.,  has  gradually  shifted  from  25  cycles 
to  60  cycles;  whereas  a  few  years  ago  the  600-kw.,  25-cycle 
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machine  for  example  was  biiilt  in  large  numbers,  at  the  present 
time  the  60-cycle  converter  is  the  more  usual  machine,  so  that 
I  think  Mr.  Dwight's  single  exception  can  be  largely  eliminated. 

Mr.  Dwight  also  has  some  misgivings  as  to  the  ability  of  such 
synchronous  condensers  operating  at  very  low  excitation  for 
supplying  leading  cturent  at  no-load.  I  do  not  think  any  such 
fear  need  exist— practically  any  synchronous  motor  with  a 
proper  damper  winding  will  hold  up  the  voltage  on  poorly  reg- 
ulated systems  at  no  load  and  very  small  excitation. 

I  ask  Mr.  Dwight  if  in  his  table  on  page  1556  the  power  factor 
at  the  generating  station  has  been  taken  into  account  in  deter- 
mining the  size  and  cost  of  the  two  schemes.  In  one  case  it  is  given 
as  99  per  cent,  while  in  the  other  it  is  given  as  89  per  cent.  This 
difference  of  10  per  cent  in  the  kv-a.  capacity  will  increase  the 
cost  for  the  constant  voltage  method,  but  it  is  a  minor  point  in 
connection  with  the  total  saving  incident  to  the  system. 

R.  B.  Williamson:  Mr.  Newbury's  paper  is  an  exceedingly 
valuable  and  interesting  one,  and  particularly  so  to  those  engaged 
in  the  design  of  self-starting  synchronous  motors.  The  various 
oscillograms  give  a  complete  picture  of  the  actions  that  take 
place  during  the  different  stages  of  starting  and  make  many 
things  plain  which,  while  known  to  exist  were  not  heretofore 
clearly  understood.  Some  of  the  feattu-es  brought  out  by  Mr. 
Newbury  were  touched  on  during  the  discussion  of  these  motors 
at  the  meeting  of  the  Institute  hdd  in  April,  1912,  in  Pittsburgh, 
and  the  present  paper  clears  up  a  number  of  points  brought  up 
at  that  time. 

Mr.  Newbury's  conclusions  drawn  as  they  are  from  the  very 
complete  set  of  oscillograms  leave  little  room  for  discussion. 
Some  of  the  results  obtained  show  that  this  class  of  motor  is 
capable  of  performances  at  starting  and  pulling  into  synchronism 
much  beyond  the  limits  usually  considered  possible. 

As  regards  starting  from  rest,  the  difference  noted  between 
the  torque  developed  with  the  rotor  winding  open  and  closed  is 
considerably  less  than  most  machines  that  have  come  under  my 
notice.  However,  this  is  something  that  depends  very  largely 
on  the  design  of  the  machine,  and  I  agree  with  Mr.  Newbury 
that  except  in  cases  where  a  very  high  starting  torque  is  desired 
and  where  a  high-resistance  squirrel  cage  is  used,  it  is  possible 
and  preferable  to  start  with  the  field  short-circuited  through 
the  rheostat  though  it  may  be  necessary  to  open  the  field  circuit 
later  in  order  to  prevent  locking  at  half  speed.  I  understand 
that  the  machines  tested  by  Mr.  Newbury  had  a  laminated  rotor 
spider;  in  machines  having  a  cast-steel  or  cast-iron  spider,  the 
voltage  induced  in  the  open  field  winding  is  considerably  less 
than  when  the  field  structure  is  laminated  throughout. 

An  important  feature  brought  out  is  that  it  is  not  necessary 
to  have  two  starting  points,  provided  the  most  favorable  proced- 
vae  is  adopted  when  starting;  and  the  deductions  drawn  from 
the  oscillograms  show  the  methods  of  starting  and  amount  of 
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excitation  best  siiited  to  different  startii^  conditions.  Before 
the  influence  of  field  excitation  on  the  momentary  rush  of  current 
at  change-over  was  discovered,  there  was  considerable  trouble 
with  these  motors  due  to  tripping  circuit  breakers.  The  oscillo- 
grams show  plainly  why  this  was  so. 

To  many  who  have  not  experimented  with  this  class  of  motor 
it  will  appear  surprising  that  Mr.  Newbury  was  able  to  pull 
loads  practically  equal  to  full  load  into  synchronism.  However, 
this  is  quite  possible,  although  the  large  current  required  to  do 
it  must  not  be  lost  sight  of,  and  in  many  cases  this  would  pre- 
clude the  use  of  the  synchronous  motor  on  such  large  starting 
load,  unless  of  moderate  size  or  operated  on  large  systems  where 
the  cturent  at  starting  was  not  objectionable.  Fortunately, 
however,  in  many  of  the  largest  applications  it  is  possible  to 
reduce  the  pull-in  torque  required  to  a  fraction  of  full  load  so 
that  the  starting  current  can  be  kept  down.  For  example,  air 
compressors  can  be  unloaded,  and  centrifugal  pumps  can  often 
be  started  with  the  discharge  valve  closed.  Many  of  the  early 
self-starting  motors  were  made  from  parts  originally  designed 
for  alternators,  and  did  not  give  the  best  starting  performance 
possible;  but  with  careful  design  along  the  well-established  lines 
of  squirrel  cage  induction  motors,  starting  performances  com- 
paring favorably  with  the  induction  motor  can  be  obtained. 

Mr.  Newbury's  paper  deals  with  motors  of  the  salient  pole 
type  and  it  may  be  of  interest  to  mention  some  tests  recently 
made  on  a  small  ttu-bo-generator  run  as  a  three-phase  self -start- 
ing motor.  There  has  been,  at  least  among  some  engineers, 
the  opinion  that  the  pulling-in  effect  is  due  partly  to  the  fact 
that  the  poles  are  sharply  defined,  and  that  a  machine  having 
a  cylindrical  rotor  without  projecting  poles  and  with  a  dis- 
tributed field  winding  wotdd  be  deficient  in  pull-in  torque. 
Some  tests  were  made  with  a  small  125-kv-a.,  2300- volt,  31.2- 
ampere,  3600-rev.per.  min.  turbo-generator  having  a  smooth 
cylindrical  rotor  with  36  slots  uniformly  spaced  around  the  cir- 
cumference. The  retaining  wedges  for  the  coils  were  of  brass, 
and  made  connections  at  each  end  with  bronze  end  bells,  thus 
forming  a  uniformly  distributed  squirrel-cage. 

It  was  found  that  with  the  field  circuit  open,  this  machine 
started  with  280  volts  applied  to  the  stator  and  came  up  to  speed 
in  54  seconds  while  drawing  a  current  of  67.8  amperes.  That 
is,  the  motor  started  on  approximately  12J  per  cent  voltage  and 
2.2  times  full  load  current.  The  power  factor  at  starting  was 
between  45  and  50  per  cent.  With  the  field  short-circuited, 
there  was  very  little  difference  in  the  starting  performance,  the 
voltage  and  current  being  practically  the  same  as  before.  Tests 
were  also  made  with  various  resistances  ranging  from  0.9  ohm 
to  22.4  ohms  in  the  field,  but  there  was  very  little  change  notice- 
able in  the  starting  performance. 

Some  tests  were  also  made  to  determine  the  load  that  could 
be  pulled  in.    With  1130  volts  (about  \  voltage)  applied  to 
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stator  and  with  a  field  current  of  19  amperes,  it  was  possible  to 
pull  in  a  load  of  32  kw,  or  about  25i  per  cent  of  the  rated  output. 
The  stator  current  just  before  synchronizing  was  40  amperes  or 
1.28  times  full  load.  Since  the  torque  may  be  taken  as  approx- 
imately proportional  to  the  square  of  the  applied  voltage,  it  is 
seen  that  tins  machine  would  probably  pull  in  nearly  full  load  if 
thrown  over  to  full  voltage.  This  was  not  tried  in  these  tests 
on  account  of  the  loading  arrangements  not  being  suitable,  but 
it  is  evident  that  the  round  rotor  motor  can  pull  in  loads  com- 
parable with  those  handled  by  the  salient  pole  machine. 

H.  M.  Hobart:  I  share  Mr.  Williamson's  views,  and  I  am 
hoping  that  Mr.  Newbury's  paper  will  rather  stir  things  up  and 
make  people  take  a  little  new  cotu-age  in  approaching  the  subject 
of  the  design  of  sjmchronous  motors.  It  has  gotten  into  a  ter- 
rible rut,  it  seems  to  me.  This  is  partly  due  to  the  cause  to  which 
Mr.  Williamson  alluded.  Matters  have  drifted  into  having  the 
design  of  synchronous  motors  handled  by  the  same  departments 
that  handle  low-speed  alternating-current  generators.  Any 
proposition  to  consider  the  design  of  synchronous  motors  along 
the  lines  of  the  design  of  induction  motors  has  always  been 
handicapped  by  the  necessity  of  a  change  of  hands,  as  to  who 
should  design  it,  and  bring  about  the  evolution  of  the  synchron- 
ous motor  into  a  decent  machine.  It  is  at  present  an  absurd 
caricature  of  what  it  might  be  and  the  tantalizing  part  of  it  is 
that  there  are  several  perfectly  serviceable  methods  ready  and 
waiting  to  be  used,  but  you  cannot  get  anybody  to  look  at  these 
methods,  or  incorporate  them  in  their  designs,  simply  because 
they  are  following  the  old  cut-and-dried  methods,  and  everybody 
turns  a  deaf  ear  to  any  propositions  for  improvement. 

Mr.  Williamson  alluded  to  some  very  interesting  departtu-es 
which  he  has  had  in  hand  and  which  it  seems  to  me  should  offer 
much  promise,  but  there  are  also  other  methods  which  would 
also  serve  to  render  the  synchronous  motor  an  admirable  machine 
and  make  of  it  a  machine  which  could  be  more  widely  used,  for 
the  reason  that  it  will  tend  to  decrease  the  price  at  which  power 
can  be  provided  to  the  consumer,  in  many  cases,  because  you 
can  run  your  synchronous  motor  with  a  leading  power  factor. 
That  is  a  very  important  point  indeed. 

I  believe  that  the  synchronous  motor  can  be  used  to  great 
advantage  in  much  smaller  sizes  than  has  heretofore  been  con- 
sidered desirable,  in  sizes  which  will  lap  over  into  the  field  that 
has  been  generally  held  by  common  consent  to  belong  to  the  in- 
duction motor.  If  only  the  synchronous  motor  could  be  de- 
signed by  induction  motor  designers,  working  on  the  lines  which 
have  enabled  them  to  see  just  what  is  needed  for  these  starting 
and  running-up  conditions,  the  result  would  be  for  the  good. 

The  induction  motor  has  the  fault  that  if  you  give  it  high  start- 
ing torque,  with  the  squirrel-cage  variety,  that  will  be  accom- 
panied by  low  efficiency  and  considerable  heating.  It  must 
have  high  resistance  in  the  squirrel-cage  rotor,  for  the  purpose 
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of  giving  the  starting  torque  required  in  many  special  cases. 
This  is  an  inherent  characteristic  of  the  motor.  But  in  the  case 
of  the  synchronous  motor  you  can,  in  a  sense,  leave  it  behind 
when  you  synchronize  the  machine  and  have  a  highly  efficient 
and  cool-running  machine  for  ordinary  running,  yet  at  the 
same  time  have  a  high  starting  torque,  so  that  the  synchron- 
ous motor,  instead  of  being  inferior  in  regard  to  its  ability  to 
have  good  starting  torque  characteristics,  has  an  advantage 
over  the  induction  motor  in  those  respects.  It  ought  to  be 
associated  in  our  minds  as  a  characteristic  of  sjmchronous  motors 
that  they  can  be  given  better  starting  torque  than  induction 
motors,  whereas  we  have  just  the  other  notion. 

In  reading  over  Mr.  Dwight's  paper,  far  too  hturiedly,  for  so 
excellent  a  paper,  it  seems  to  me  the  nature  of  the  results,  and 
the  careful  calculations  which  he  made,  bring  out  much  more 
strongly  than  they  ever  have  heretofore  been  brought  out,  the 
advantages  to  be  derived  from  this  use  of  synchronous  conden- 
sers in  connection  with  long-distance  transmission.  The  result 
is  that  the  differences,  expressed  in  percentages,  are  tremendous 
as  regards  extending  the  limitations.  Why  are  we  going  to 
100,000  and  150,000  volts?  Because  we  have  exhausted  the 
possibilities  of  lower  voltages  in  the  matter  of  reaching  out  over 
wide  areas  and  delivering  energy  at  the  limits  of  the  system  at 
a  price  which  can  compete  with  local  plants.  If,  as  Mr.  Dwight's 
figures  appear  to  show,  you  can,  with  a  given  voltage,  if  you 
operate  on  this  principle,  extend  these  limits  50  per  cent,  so  that 
you  can  carry  out  at  100,000  volts,  an  imdertaking  in  connec- 
tion with  which  you  would  otherwise  have  to  resort  to  150,000 
volts,  you  have  just  so  far  extended  the  limits,  and  when  you 
are  driven  up  to  150,000  volts,  or  higher,  this  further  extension 
of  the  limits  is  still  at  hand. 

As  regards  the  amount  of  power  transmitted,  the  distance  to 
which  it  can  be  transmitted,  and  the  price  at  which  it  can  be 
delivered  at  a  great  distance,  it  would  appear  from  Mr.  Dwight's 
figures  that  the  constant  voltage  method  of  working  will  lead  to 
great  extensions  of  the  possibilities  in  connection  with  the  elec- 
trical transmission  of  energy.  It  seems  to  me  that  the  con- 
clusions are  very  fairly  and  clearly  stated,  and  that  the  paper 
is  for  this  reason  a  very  valuable  one. 

Lee  Hagood:  I  have  been  very  much  interested  in  Mr. 
Dwight's  paper.  It  struck  me  that  the  most  interesting  feature 
of  it  was  that  he  could  work  out  so  many  restilts  and  come  to 
such  valuable  conclusions  by  such  very  simple  methods. 

A  short  time  ago  I  was  identified  with  the  design  of  a  system  in 
which  we  were  laying  out  a  1 10,000- volt  transmission  line,  and  our 
starting  point  which  had  to  be  settled  was:  what  would  be  the  size 
of  our  synchronous  condensers.  The  necessity  for  this  arose  be- 
cause our  load  was  chiefly  an  inductive  one,  and  we  could  not 
proceed  with  the  design  of  the  system  until  we  settled  upon  the 
difference  in  voltage  between  the   generating  and  receiving 
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stations  at  full  load.  Until  this  was  settled,  we  were  unable  to 
fix  the  voltages  and  taps  for  the  transformers  and  the  kv-a. 
ratings  to  give  our  generators  and  transformers.  Another  point 
of  considerable  importance  was  the  size  of  conductor.  As  the 
transmission  line  was  very  long,  it  was  important,  on  account  of 
expense,  to  use  as  small  a  conductor  as  was  consistent  with  good 
engineering.  All  of  these  points  revolve  around  the  question 
of  voltage  difference  maintained  between  the  generating  and 
receiving  stations,  because  the  power  factor  and  efficiencies  of 
the  line  have  fixed  relations  depending  upon  the  kilowatt  load 
for  a  given  voltage  difference  and  line  constants.  The  question 
of  the  size  of  synchronous  condenser  is  dependent  upon  this  and 
also  upon  the  power  factor  of  the  load. 

I  note  that  Mr.  Dwight  does  not  take  into  consideration  the 
charging  current  of  the  line.  I  think  this  can  be  neglected  for 
lines  under  60,000  volts,  but  I  think  for  all  long  lines  above 
this,  it  should  be  included. 

(The  lantern  slides  and  explanations  of  them,  included  in  Mr. 
Hagood*s  discussion,  will  not  be  reproduced  here,  as  they  were 
used  in  connection  with  a  paper  presented  before  the  Los 
Angeles  and  the  San  Francisco  Sections,  entitled  Operation  of 
Transmission  Lines.     It  is  published  in  this  volume,  p.  855.) 

N.  E.  Funk:  Referring  to  Mr.  Parker's  paper,  I  wish  to  call 
attention  to  the  fact  that  even  though  we  consider  raising  the 
power  factor  from  a  low  value  to  unity,  which  is  the  worst  con- 
dition so  far  as  cost  is  concerned  that  can  be  imposed  upon  a 
synchronous  condenser  installation,  the  cost  balance  will  still 
be  on  the  right  side  of  the  ledger,  as  the  following  table  will  show. 
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20.00 
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1     80% 
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0 

182.1      !   13.657.50 

0 

105.80 

The  above  table  is  based  on  a  10  per  cent  line  drop  in  the  first 
instance  and  the  same  line  used  in  the  other  cases.  Cost  per 
kw.,  generators  =  $75,  cost  per  kw.,  motors  =  $10.  The  first  two 
lines  show  the  saving  in  generator  capacity  by  using  synchronous 
motors.  The  last  two  lines  show  the  increased  cost  of  generators 
required  without  synchronous  motors  to  load  the  generators 
in  the  first  line  with  synchronous  motors. 

Mr.  Parker  says:  *' Where  the  synchronous  quadrature 
demand  can  be  made  in  excess  of  the  lagging  quadrature  demand 
from  induction  motors,  it  then  becomes  desirable  to  put  induct- 
ance in  series  with  the  feeder,  thereby  overcoming  the  drop  due 
to  the  in-phase  amperes  operating  in  conjunction  with  the  line 
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resistance/'  By  doing  this  the  drop  is  decreased,  but  at  the  ex- 
pense of  a  lower  power  factor,  which  will  increase  the  kv-a.  capac- 
ity of  the  generators  faster  than  the  decrease  in  drop  decreases 
it.  The  idea  is  that  where  a  transmission  problem  involves  the 
use  of  synchronous  machines  to  control  power  factor  it  is  much 
better  to  favor  the  generating  station,  as  it  is  the  most  expensive 
part  of  the  equipment. 

M,  T.  Crawford:  Mr.  Dwight  states  that  in  commercial 
practise  with  short  lines,  constant  voltage  transmission  is  worth 
while  merely  on  account  of  the  improvement  in  service.  In  a 
system  where  the  average  load  conditions  are  found,  there  are 
always  a  number  of  feeders  supplying  industrial  power  and  rail- 
ways in  which  a  voltage  variation  of  10  per  cent  is  within  the 
limits  of  good  service.  For  the  remaining  feeders  supplying 
light  and  small  power,  automatic  feeder  regulators  can  be  in- 
stalled and  operated  at  a  much  lower  cost  than  the  synchronous 
condenser  installation  for  constant  voltage  operation.  It  might 
thus  appear  that  where  the  lines  are  fairly  short  and  no  marked 
saving  can  be  made  by  their  increased  carrying  capacity,  separate 
automatic  regulation  might  generally  be  more  economical, 
especially  as  it  avoids  increasing  the  amount  of  apparatus  and 
complication  of  the  high-tension  system. 

Henry  W.  Peck:  An  idea  which  may  be  of  interest  occurs  to 
me,  viz.,  that  possibly  we  can  use  synchronous  motor  exciting 
apparatus  to  greater  advantage  at  the  distributing  end  of  some 
of  our  lines  than  at  the  generating  station  end.  In  Schenectady, 
where  we  purchase  40-cycle  power  and  transform  it  to  60-cycle, 
we  have  several  small  machines  in  the  generating  station  which 
we  practically  never  use,  and  as  soon  as  I  return  home  I  intend 
to  look  up  the  matter  as  to  whether  or  not  we  can  use  these  motor- 
generator  sets  advantageously  as  synchronous  condensers  on 
some  of  our  long  feeders. 

One  line  which  I  have  particularly  in  mind  supplies  an  amuse- 
ment park  about  five  miles  (8  km.)  out  of  the  city,  the  line  being 
about  ten  miles  (16  km.)  long.  When  the  park  is  not  being  run 
we  get  reasonably  good  regulation  on  the  line,  but  when  the  park 
is  in  operation  we  have  a  good  many  complaints  regarding  our 
service.  I  believe  we  could  advantageously  take  some  of  our 
synchronous  generating  equipment  and  make  better  use  for 
it  at  the  end  of  the  line.  I  realize  in  making  this  suggestion 
that  the  present  machine  would  not  be  ideal  for  that  service, 
but  when  you  consider  the  scrap  value  of  such  a  machine,  which 
is  all  that  you  could  get  for  it,  it  means  the  tying  up  of  very 
little  investment  for  the  sake  of  this  regulation.  If  this  idea  is 
not  practicable  and  this  plan  will  not  apply  I  will  be  glad  if  some 
of  the  designing  engineers  will  tell  me  why  it  will  not  apply. 

F.  C.  Caldwell:  What  is  the  comparative  effectiveness  of  syn- 
chronous machines,  such  as  synchronous  condensers,  when  run- 
ning at  full  load,  running  at  half  load,  and  running  light? 

F.  D.  Newbury:  I  think  that  Mr.  Caldwell's  question  can  be 
best  answered  by  reference  to  the  familiar  right-angle  triangle 
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of  which  one  side  represents  the  energy  load  carried  by  the  motor 
in  any  particular  case;  the  side  at  right  angles  to  this,  represents 
the  leading  wattless  kv-a.  supplied  to  the  supply  line;  and  the 
resultant  of  these  two  represents  the  total  kv-a.  load  on  the  motor. 
If  the  energy  and  wattless  loads  are  equal,  (representing  the 
total  load  by  100  per  cent),  each  will  be  equal  to  71  per  cent. 
Thus,  if  these  two  functions  were  performed  by  separate  motors, 
the  two  motors  would  require  a  combined  capacity  of  142  per 
cent.  If  the  ratio  of  energy  load  to  the  total  load  were  smaller — 
say,  60  per  cent — the  wattless  component  would  be  80  per  cent 
to  load  the  motor  up  to  100  per  cent.  Thus  140  per  cent  "service" 
is  obtained  as  compared  with  142  per  cent  in  the  previous  ex- 
ample. It  will  be  found  that  the  maximimi  service  will  be  ob- 
tained from  a  given  motor  when  the  energy  and  wattless  com- 
ponents are  equal — in  other  words,  when  the  energy  load  is  71 
per  cent  of  the  total.  This,  of  course,  is  the  same  as  71  per  cent 
power  factor. 

Burton  McCollum:  Mr.  Dwight  points  out  in  a  very  eflEec- 
tive  maimer  some  of  the  advantages  that  accrue  from  the  use  of 
synchronous  condensers  in  connection  with  constant  voltage 
transmission,  particularly  the  operating  advantages,  and  he  also 
cites  some  rather  remarkable  economies,  particularly  where  he 
gives  some  comparative  cost  data,  but  I  believe  that  in  most 
cases  these  economies  are  largely  apparent  only. 

In  the  second  comparison  for  the  100-mile  (160.9-km.)  trans- 
mission line  he  makes  a  comparison  on  a  54,000-kw.  transmission, 
and  reduces  the  efficiency  of  transmission  from  95  per  cent  to 
91  per  cent,  but  by  so  doing  he  is  able  to  bring  about  an  economy 
of  something  like  26  per  cent  in  the  initial  installation.  Now, 
if  we  figure  the  money  value  of  the  increased  energy  loss  that 
results,  using  the  rather  liberal  line  loss  factor  of  0.3. ,  (the  ratio 
of  the  average  square  to  the  maximum  square)  and  taking  one 
half  a  cent  per  kw-hr.  for  the  value  of  the  energy,  we  find  it  figures 
out  at  $27,500  a  year  as  the  value  of  the  energy  loss,  which  is 
more  than  10  per  cent  of  the  saving  that  results  in  the  line  con- 
struction. 

A  similar  statement  can  be  made  in  regard  to  the  first  com- 
parison, although  the  results  are  somewhat  less  marked.  This 
statement  would  of  course  apply  to  a  steam  plant  transmission 
line  rather  than  a  water  power  transmission.  In  the  case  of  the 
water  power  plant  the  value  of  the  energy  lost  would  be  less,  but 
the  line  loss  factor  would  usually  be  larger,  which  would  partly 
offset  the  lower  value  of  power. 

I  do  not  want  to  detract  in  any  way  from  the  importance  of 
the  paper  by  Mr.  Dwight,  because  I  regard  it  as  an  important 
development  in  engineering,  but  I  feel  that  the  advantages  that 
are  to  be  looked  for  are  for  the  most  part  advantages  in  improved 
operating  conditions  rather  than  in  increased  economies. 

H.  B.  Dwight:  Mr.  Parker's  paper  on  the  application  of  syn- 
chronous motors  in  the  distribution  of  power  in  cities,  shows 
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that  this  type  of  apparatus  produces  desirable  economies  and 
improvements  in  operating  conditions  in  this  class  of  work. 
As  he  points  out,  the  supply  company  is  benefited  rather  than 
the  customers,  and  accordingly  the  latter  must  be  compensated 
for  installing  the  more  expensive  synchronous  machines.  He 
suggests  making  compensation  by  charging  for  the  kilovolt- 
amperes  supplied,  thus  influencing  each  customer  to  operate  at 
all  times  as  closely  as  possible  to  100  per  cent  power  factor. 

Although  it  is  evident  that  compensation  must  be  made  to 
secure  the  installation  of  synchronous  motors,  there  are  two 
objections  to  the  above  method  of  charging  for  electric  power, 
namely,  that  the  kilovolt-amperes  are  very  difficult  to  meter, 
and  that  this  method  does  not  secure  the  best  possible  benefits 
from  the  synchronous  motors  according  to  the  real  needs  of  the 
supply  company.  The  benefits  may  be  of  two  kinds;  first, 
reducing  the  kv-a.  load  on  the  generators,  and  second,  reducing 
the  cost  of  feeders  by  improving  the  voltage  regulation.  For 
the  first,  the  synchronous  motors  should  operate  as  strongly 
leading  as  possible  at  all  times,  but  for  reducing  the  necessary 
cost  of  feeders,  which  is  often  comparable  to  the  cost  of  generators 
and  which  is  also  often  increased  by  poor  voltage  regula- 
tion, adjustment  of  the  synchronous  motors  is  necessary.  This 
is  well  accomplished  by  automatic  regulators,  as  mentioned  in 
Mr.  Parker^s  paper.  The  saving  in  cost  of  feeders  can  also  be 
made  by  installing  a  high-voltage  transformer.  Neither  of 
these  methods  of  operating  the  motors  corresponds  to  keeping 
the  customer's  power  factor  at  100  per  cent.  It  is  accordingly 
better  not  to  charge  for  the  kilovolt-amperes »  but  to  charge  for 
the  kilowatts,  as  usual,  and  to  have  a  separate  provision  in  the 
contract  giving  a  bonus  to  the  customer  for  operation  of  the 
motors  either  according  to  instructions  from  the  company,  or  by 
automatic  regulators. 

Regarding  the  paper  on  constant-voltage  transmission,  Mr. 
Newbury,  I  believe,  mentioned  that  for  railway  work  the  fre- 
quency of  60  cycles  is  being  used  to  an  increasing  extent.  This 
is  true  where  alternating  current  is  used  to  supply  direct  ctir- 
rent  railways,  since  the  60-cycle  synchronous  converter  is  now 
becoming  more  popular.  But  for  single-phase  and  three-phase 
railways,  the  frequency  of  25  cycles  is  used,  owing  to  the 
characteristics  of  the  motors. 

The  same  speaker  asked  if  allowance  had  been  made  for  the 
ten  per  cent  difference  in  the  power  factor  of  the  generators  in 
the  200-mile  (321.8-km.)  line.  The  item  was  not  written  down 
in  the  comparison  as  it  would  amount  to  only  about  $20,000. 
A  more  important  item  is  the  cost  of  energy  for  extra  line  losses 
with  the  constant-voltage  system,  as  mentioned  by  Mr.  McCol- 
lum.  For  a  water-power  plant,  this  item  is  equal  to  the  cost 
of  machinery  to  supply  the  extra  losses  at  peak  load.  At  $50 
perkw.thisamounts  to  about  $200,000  for  the  100-mile  (160.9  km.) 
line  which  Mr.  McCoUum  took  up.     Against  this  ii^m,  there 
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must  be  taken  into  account  the  two  other  items  not  put  into  the 
table  because  of  their  indcfiniteness.  These  are  the  saving  in 
the  cost  of  land  and  the  value  of  the  improvement  in  service, 
and  they  balance  fairly  well  the  cost  of  power  for  extra  losses. 
The  purpose  of  the  cost  comparisons  in  the  paper  is  to  point  out 
that  for  almost  any  installation  it  is  worth  while  figuring  up  costs 
to  see  if  synchronous  condensers  are  not  profitable. 

The  curves  shown  by  Mr.  Hagood  were  very  interesting  and 
I  have  just  one  small  matter  to  bring  out  regarding  them.  The 
capacity  of  the  synchronous  condensers  was  plotted  always  as 
a  straight  line.  You  will  notice  in  the  chart,  Fig.  5,  of  the  con- 
stant-voltage paper,  that  the  capacity  of  synchronous  conden- 
sers required  is  a  curved  line,  and  its  curvature  puts  a  theoretical 
limit  on  the  amount  of  power  which  can  be  sent  over  a  trans- 
mission line.  In  the  case  considered;  of  the  2(K)-mile  (321,8-km.) 
line,  the  limit  is  only  about  25  per  cent  more  than  the  amount 
of  power  assumed  for  full  load.  The  curvature  of  that  line  is 
evidently  worth  figuring  up  in  long  distance  work.  It  is  a 
rather  peculiar  effect  that  there  is  this  theoretical  limit  to  the 
power  capacity  of  a  transmission  line  of  a  certain  voltage,  which 
cannot  be  overcome  by  synchronous  condensers  nor  anything  else. 

Lee  Hagood:  I  cannot  prove  these  curves  mathematically, 
but  I  have  tried  a  number  of  them  and  found  them  all  straight 
lines. 

H.  B.  Dwight:  I  have  no  doubt  that  the  points  you  have 
plotted,  as  you  say,  are  correct,  and  as  far  as  you  have  gone  along 
the  line,  it  is  practically  straight.  But  the  indication  in  plotting 
a  straight  line  is  that  unlimited  power  could  be  transmitted  over 
the  line  if  enough  synchronous  motors  were  added.  The  limit, 
however,  is  struck  very  soon  by  this  theoretical  consideration 
which  will  show  up  if  you  try  to  put  50  per  cent  more  power  over 
the  transmission  line.  You  would  run  into  the  limit  with  your 
calculations  in  the  same  way. 

Lee  Hagood:     I  do  not  agree  with  you. 

J.  C.  Lincoln:  I  inquire  of  Mr.  Newbury  what  the  starting 
torque  is  when  synchronizing  on  the  three  types  of  rotors  shown 
on  page  1514.  The  curve  is  interesting,  and  it  appears  that  the 
starting  torque  of  the  rotor  with  the  brass  damper  windings  is 
at  rather  high  resistance,  which  is  much  greater  at  any  partioilar 
voltage  than  in  the  case  of  the  starting  torque  at  low  resistance, 
and  my  question  is,  which  is  the  type  of  rotor  that  will  come  in 
synchronism  with  the  least  amount  of  ciurent?  Is  it  the  brass 
rotor  or  the  low-resistance  copper  rotor? 

F.  D.  Newbury:  To  answer  Mr.  Lincoln's  question  first; 
there  are  two  entirely  distinct  actions  to  be  considered — ^two 
entirely  different  sets  of  characteristics.  The  copper  damper 
winding  which  shows  the  lowest  torque  at  starting  will  of  course 
have  the  lowest  torque  as  long  as  the  motor  is  operating  as  an 
induction  motor.  The  torque  at  which  a  given  motor  will  pull 
into  synchronism  depends  on  the  torque  that  results  in  a  certain 
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slip.  There  is  a  limiting  slip,  that  may  be  one  per  cent  or  two 
per  cent,  beyond  which  the  motor  is  incapable  of  pulling  over 
from  the  highest  induction  motor  speed  into  the  true  synchron- 
ous speed.  Therefore  the  torque,  that  a  given  motor  will  pull 
in,  will  depend  on  the  torque  that  can  be  pulled  by  the  motor 
with  a  given  slip.  Therefore,  the  motor  with  the  lowest  resist- 
ance damper  winding  will  carry  the  most  load  with  this  limit- 
ing slip,  and  consequently  will  pull  into  synchronism  with  the 
largest  load.  On  the  other  hand  the  high  resistance  winding 
will  develop  the  largest  torque  at  the  lowest  speeds  as  in  any 
induction  motor. 

J.  C.  Lincoln:  If  there  was  contained  in  the  paper  a  complete 
speed-torque  curve,  would  the  torque  of  the  lower  resistance 
copper-wound  rotor  be  greater  or  less  at  speeds  just  under  syn- 
chronism than  the  torque  of  the  higher  resistance  brass-wound 
rotor?  It  is  very  evident  from  the  curve  shown  in  Fig.  9  that 
at  low  speeds  the  brass-wound  rotors  have  a  very  much  higher 
torque  than  the  low-resistance  copper-wound  rotors.  It  would 
seem  to  me  that,  at  the  higher  speeds,  just  under  synchronism, 
the  lower  resistance  copper-wound  rotor  would  have  a  higher 
torque  than  the  higher  resistance  brass-wound  rotor,  and  there- 
fore that  a  synchronous  motor  provided  with  a  lower  resistance 
copper-wound  rotor  would  pull  into  synchronism  a  larger  load 
than  the  high  resistance  brass- wound  rotor.  I  would  like  to  ask 
the  author  of  the  paper  if  that  is  the  case. 

F.  D.  Newbury :  The  torque  of  the  low-resistance  rotor  would 
be  greatest  at  the  highest  speed  at  which  the  motor  operates  as 
an  induction  motor  and  will  pull  into  synchronous  speed. 

J.  C.  Lincoln:    That  would  amount  to  the  same  thing. 

F.  D.  Newbury:  Mr.  Williamson  spoke  of  the  paper  on  the 
synchronous  motor  which  was  presented  at  the  Pittsburgh  meet- 
ing of  the  Institute  last  year.  The  admirable  paper  by  Mr. 
Fechheimer  was  the  starting-point  of  my  own  paper,  since  at 
that  meeting  the  discussion  was  not  at  all  favorable  to  starting 
with  the  field  circuit  closed.  It  may  not  indicate  any  change 
in  the  opinion  of  the  members  present,  but  simply  indicate  a 
change  in  audience,  that  the  sentiment  expressed  at  this  meeting 
has  been  in  the  opposite  direction. 

As  Mr.  Williamson  pointed  out,  I  think  the  tests  show  that  two 
starting  voltages  are  not  necessary,  but  I  would  qualify  that  in 
this  way — that  they  are  not  necessary,  provided  proper  adjust- 
ments are  made,  but  proper  adjustments  always  mean  careful 
and  skilful  attention,  so  that  the  two  starting  taps  are  used  and 
are  justified  for  the  larger  motors,  where  the  consequences  of 
wrong  operation  would  be  quite  serious. 

Mr.  Hobart  has  regretted  the  lack  of  attention  that  has  been 
given  to  the  wound-rotor  distributed  type  of  synchronous  motor. 
I  think  that  it  is  more  a  lack  of  results  than  lack  of  attention,  and 
the  reason  for  the  lack  of  results  is  more  fundamental  than  a 
difference  of  engineering  department  organization  as  Mr.  Hobart 
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suggested.  The  real  reason  is  brought  out  by  the  difference 
in  the  magnetizing  current  required  by  a  well-designed  induction 
motor  and  a  well-designed  synchronous  motor.  In  an  induction 
motor  the  magnetizing  current  is  roughly  30  to  40  per  cent  of  the 
armature  current.  In  the  synchronous  motor  the  magnetizing 
ampere-turns  should  be  at  least  one  and  a  half  to  two  times  the 
armatiu*e  ampere-turns.  In  order  to  obtain  the  necessary  excit- 
ing ampere-turns  on  a  round  rotor  synchronous  motor  a  much 
larger  rotor  is  required  than  for  the  salient  pole  type  of  synchron- 
ous motor  or  the  round  rotor  type  of  induction  motor.  There 
is  a  good  engineering  reason,  therefore,  for  the  practically 
exclusive  use  of  the  salient  pole  type.  The  same  conclusion  is 
reached  by  a  comparison  of  the  weights  and  costs  of  salient  pole 
and  round  rotor  types  of  alternators.  I  think  it  is  well  known 
that  the  round  rotor  type  of  alternator  ordinarily  used  for  turbo- 
generators means  a  larger  machine  and  a  more  expensive  machine 
than  the  salient  pole  type  and  the  round  rotor  type  is  used  because 
it  is  the  only  type  sufficiently  strong  mechanically.  The  same 
point  was  well  borne  out  by  comparisons  recently  made  on  some 
10,000-kilovolt-ampere,  600-rev.  per  min.  waterwheel  generators, 
where  the  cost  of  the  salient  pole  type  was  found  to  be  approx- 
imately 50  per  cent  less  than  the  round  rotor  type. 

M.  O.  Dell  Plain:     I  believe  that  the  possible  advantage  to 
be  gained  by  the  average  central  station  thfough  a  generaJ  use 
of  synchronous  motors  instead  of  induction  motors  on  its  lines 
is  largely  offset  by  the  greatly  increased  nimiber  of  motor  trouble  ' 
complaints. 

The  advantage  to  be  gained  by  the  consumer  is  a  very  material 
one  in  cases  where  the  central  station  penalizes  a  low  power  factor. 
This  advantage,  however,  is  also  offset  if  the  current  charge  is 
based  directly  on  the  demand.  In  such  cases  the  present  lack 
of  a  suitable  demand  meter  results  in  considering  the  highest 
phase  kv-a.  reading  as  being  the  actual  demand,  and  an  un- 
balanced load  being  the  usual  condition,  the  synchronous  poly- 
phase load  does  not  produce  its  fullest  effect  in  lowering  the  act- 
ual charge. 

The  development  of  a  reliable  and  inexpensive  kilovolt-ampere 
demand  meter  would  probably  eliminate  this  objection. 

Henry  W.  Peck:  I  have  made  a  memorandum  of  two  or  three 
points  which  I  will  answer.  The  quality  of  the  service  is  often- 
times more  important  than  a  very  slight  advantage  in  maintain- 
ing unity  power  factor  at  the  station.  It  is  not  for  the  sake  of 
the  power  factor  primarily,  that  Mr.  Parker  suggests  the  use  of 
synchronous  condensers,  but  to  maintain  the  service  which  we 
are  giving  to  our  customers. 

Another  suggestion  was  made  that  the  synchronous  condenser 
was  in  competition  with  the  high-tension  transformer.  An 
operating  man  does  not  like  to  see  his  system  separated  into 
different  voltages,  2300  volts  on  one  part,  6600  volts  on  an- 
other part,  and  13,000  volts  on  another  part.     From  the  opera- 
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ting  point  of  view  it  is  much  simpler  to  have  the  synchronous 
condenser  than  to  step  up  certain  portions  of  the  line  and  have 
a  great  variety  of  transformers  which  you  must  carry  in  stock 
so  as  to  be  able  to  supply  your  customers  with  these  transformers 
when  they  want  them. 

Referring  to  Mr.  Dell  Plain's  remarks,  it  is  manifestly  impos- 
sible to  put  a  synchronous  motor  in  every  and  any  installation, 
regardless  of  the  character  of  the  plant  and  the  man  who  is  run- 
ning it.  In  the  case  cited  by  Mr.  Parker  where  they  use  the  syn- 
chronous motors  for  pumping,  refrigerating  plants  and  similar 
purposes,  they  have  operating  men  who  are  certainly  of  as  high 
a  class  as  any  men  we  have  in  our  own  stations  and  who  can  be 
trained  to  operate  the  synchronous  motors  satisfactorily. 

We  must  consider  the  economy  of  such  an  installation  from 
the  point  of  view  of  both  the  customer  and  the  company.  The 
customer  must  decide  if  the  saving,  due  to  the  lower  rate  for 
power,  is  sufficient  to  warrant  him  in  installing  these  appliances 
in  his  power  plant,  granting  that  they  are  not  quite  as  simple 
and  convenient  as  the  induction  motor.  The  company  must 
decide  if  the  saving  and  improved  service  incident  to  the  instal- 
lation of  these  appliances  are  worth  the  expense  represented  by 
the  decreased  rate  for  power  and  by  the  assumption  of  such  part 
of  the  first  cost  of  the  machine  as  is  represented  by  the  excess 
capacity  required  to  handle  the  wattless  load. 

As  regards  metering  the  kilo  volt-amperes,  I  know  that  it  has 
been  done  in  one  installation  which  was  put  in  under  Mr.  Parker's 
direction,  using  two  meters,  a  graphic  voltmeter  and  a  graphic 
ammeter.  The  installation  in  which  this  meter  was  placed  was 
of  600-h.p.  capacity,  and  the  cost  of  these  meters,  while  pro- 
hibitive on  smaller  installations,  was  by  no  means  prohibitive 
for  one  of  such  large  size.  If  the  phase  voltages  were  perfectly 
balanced  there  would  be  no  difference  in  the  current  in  the 
different  legs.  Measurements  were  taken  at  this  installation  and 
it  was  found  that  the  difference  in  voltage  and  current  in  the 
different  legs  was  negligible. 

W.  E.  Funk:  I  did  not  mean  to  leave  the  impression  that 
poor  service  was  to  be  furnished  so  that  the  power  station  might 
enjoy  the  benefits  of  a  high  power  factor,  by  any  means.  What 
I  meant  to  convey  was,  that  it  was  the  best  policy  to  attempt 
to  get  unity  power  factor  rather  than  leading  power  factor,  which 
is  as  bad  in  so  far  as  generator  capacity  is  concerned  as  a  lag- 
ging power  factor.  In  following  out  this  manner  of  design  it  is 
not  necessary  for  the  voltage  at  the  receiving  end  of  the  line  to 
vary  any  more  than  if  the  voltage  were  the  same  at  both  ends. 
There  are  various  means  of  correcting  voltage  besides  that  of 
synchronous  condensers,  and  if  it  is  not  possible  to  favor  the 
generating  station  and  get  the  proper  voltage  at  the  receiver  this 
receiver  voltage  may  be  corrected  by,  say,  induction  regulators, 
and  the  synchronous  motors  used  to  annul  the  lagging  component 
of  the  load.    The  thing  I  had  in  mind  most  particularly  was  the 
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fact  that  it  was  better  policy,  on  account  of  favoring  the  genera- 
ting station  and  apparatus,  which  is  the  most  expensive  part  of 
the  system,  to  strive  toward  obtaining  unity  power  factor  on 
the  generating  station  rather  than  calculating  the  line  for  a  given 
voltage  at  the  receiving  end  and  allowing  the  power  factor  at 
the  generating  station  to  come  what  it  may. 

C.  P.  Steinmetz:  The  two  papers  on  synchronous  motors 
are  very  interesting  to  me,  as  they  give  much  additional  infor- 
mation regarding  the  usefulness  of  the  synchronous  motor  as  an 
element  of  the  electrical  system,  particularly  Mr.  Newbury's 
paper  with  regard  to  the  starting  characteristics  of  the  synchron- 
ous motor.  Synchronous  motors,  synchronous  converters,  and 
synchronous  condensers  have  now  been  used  extensively  for 
over  20  years,  and  their  use  is  very  rapidly  increasing.  Most  of 
these  machines  are  self-starting,  starting  from  rest  with  their 
own  power,  but  still  I  believe  there  are  a  few  engineers  who 
doubt  the  self -starting  characteristics  of  the  synchronous  motor 
and  consider  this  as  the  main  disadvantage  of  the  synchronous 
motor. 

The  fact  is,  as  brought  out  by  these  papers,  that  the  modem 
synchronous  motor,  and  also  its  prototypes,  are  very  well  able 
to  start  from  rest  and  run  up  to  speed  and  carry  considerable 
load  up  to  speed.  They,  indeed,  take  a  large  current  in  starting 
and  during  acceleration,  about  as  much  as  the  large  highly  efficient 
induction  motors.  The  induction  motor  has  never  been  ques- 
tioned as  to  its  ability  in  starting;  but  the  synchronous  motor 
is  fully  as  well  self -starting,  and  sometimes  it  takes  more  ciurent 
and  sometimes  less  current  than  the  squirrel-cage  induction 
motor,  as,  indeed,  it  is  an  induction  motor.  It  differs  in  these 
starting  characteristics,  from  the  standpoint  of  the  well- 
known  sqtiirrel-cage  induction  motor  of  large  size,  only  in  the 
proportioning  of  the  parts.  The  starting  characteristics  of  the 
induction  motors  have  been  limited  by  the  proportioning  of  the 
parts  required  for  getting  efficient  running,  mainly  for  the  purpose 
of  getting  high  efficiency,  high  power  factor,  or  low  exciting 
current. 

These  limitations  are  not  questioned  in  the  induction  motor 
characteristics  of  the  synchronous  motor,  because- the  synchron- 
ous motor  is  not  expected  to  operate  at  speed  as  an  induction 
motor.  Therefore,  whatever  power  factor  and  efficiency  it 
might  have  when  running  at  speed  as  induction  motor  is  entirely 
immaterial,  and  therefore  in  proportioning  the  induction  motor 
parts  of  the  synchronous  motor  we  are  more  unrestricted,  in 
choosing  those  proportions  which  are  capable  of  giving  good 
starting  characteristics,  than  we  are  in  the  large  induction  motor. 
That  means  in  many  cases  it  is  possible  to  give  to  the  synchron- 
ous motor  better  starting  characteristics  than  to  a  large  squirrel- 
cage  induction  motor.  I  pointed  out  some  of  these  things  in  a 
previous  discussion,  for  instance,  that  in  the  synchronous  motor 
we  may  have,  considering  it  as  an  induction  motor,  an  exciting 
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current  of  100  per  cent  or  more  without  its  having  any  detrimen- 
tal eflfect.  In  the  induction  motor,  obviously  such  an  exciting 
current  would  make  it  commercially  inoperative  ^  the  reason 
being,  at  that  time,  under  the  conditions  where  the  synchronous 
motor  acts  as  an  induction  motor  in  starting,  the  energy  current 
for  acceleration  is  so  large  and  the  impedance  current  is  so  large 
that  the  exciting  current  does  not  cut  any  figures.  It  is  negli- 
gible, no  matter  how  much  it  would  be  in  percentage  compared 
with  full  load  current. 

The  main  diflferences  in  the  proportioning  of  the  induction 
motor  part  of  the  s3mchronous  motor  compared  with  the  induction 
motor  are  three.  First,  the  synchronous  motor  does  not  have 
uniform  magnetic  reluctance  in  all  directions  of  the  rotor,  it  is 
minimum  in  the  direction  of  the  field  poles,  and  maximum  at 
right  angles  thereto  while  the  induction  motor  has  uniform 
reluctance  all  around.  This  is  a  disadvantage  in  regard  to  the 
starting  of  the  synchronous  motor  as  an  induction  motor,  since 
it  tends  to  a  lack  of  uniformity  of  the  torque  with  the  relative 
position,  and  thereby  also  tends  to  low  torque  points,  that  is 
to  a  tendency  of  sticking,  as  it  is  called,  at  intermediate  speeds, 
more  partictdarly  at  half  synchronism.  Second,  the  synchron- 
ous motor  has  a  very  large  air  gap  compared  to  the  air  gap  used 
in  the  induction  motor.  The  induction  motor,  to  get  good  power 
factor,  low  exciting  current,  must  have  as  small  air  gap  as 
mechanical  construction  permits.  In  the  case  of  the  synchron- 
ous motor  the  power  factor  and  the  running  on  light  current  do 
not  depend  on  the  length  of  the  air  gap.  Therefore  the  air  gap, 
in  the  case  of  the  synchronous  motor,  is  chosen  in  accordance 
with  very  conservative  mechanical  and  other  considerations. 
The  large  air  gap  has  an  advantage  in  starting,  in  so  far  as  it 
tends  to  give  a  uniformity  of  torque.  Third,  the  secondary 
winding  of  the  synchronous  motor,  compared  with  that  of  the 
induction  motor,  is  of  much  higher  Resistance,  which  again  is  an 
advantage  in  starting,  so,  you  see,  of  the  three  main  character- 
istic differences  in  the  proportioning  of  the  induction  motor  part 
of  the  synchronous  motor,  one  is  against  but  the  other  two  are 
in  favor  of  high  starting  torque  and  the  result  is  that  the  syn- 
chronous motor  really  starts  better  than  a  large  high  efficiency 
squirrel-cage  induction  motor. 

The  oscillograms  shown  in  Mr.  Newbury's  paper  are  extremely 
interesting  in  giving  the  starting  characteristics,  but  from  these 
oscillograms  you  can  see  there  are  many  other  things  which  the 
limitation  of  space  did  not  allow  Mr.  Newbury  to  show.  If  you 
look  at  them  you  see  this  more  particularly,  in  the  case  of  the 
oscillograms  of  a  current,  the  amplitude  of  the  current,  the 
periodic  rise  and  fall.  You  see  the  meaning  of  that— it  is 
due  to  the  varying  magnetic  reluctance  with  the  position;  maxi- 
mum current  corresponds  to  maximum  reluctance,  minimum 
current  to  minimum  reluctance.  Hence  the  distance  from 
current  maximum  to  current  maximum  corresponds  to  the  dis- 
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tance  moved  by  the  rotor  from  one  maximum  reluctance  point 
to  another  maximum  reluctance  point,  which  means  the  distance 
of  half  a  field  pole  or  multiples  thereof,  or  the  sUp  of  half  a  field 
pole  or  multiples  thereof.  That  means  the  space  moved  through 
but  the  frequency  of  the  oscillograms  gives  the  time,  and  there- 
fore you  see  from  these  oscillograms  that  you  can  get,  from  the 
distance  moved  by  the  rotor  and  the  time  of  motion,  the  speed- 
time  ctirve  during  acceleration,  and  from  the  speed-time  curve 
you  get  the  accderation-time  curve,  and  therefore  since  acceler- 
ation gives  you  the  torque,  relatively,  or  when  considering  the 
momentum  of  the  moving  mass,  then  absolutely,  you  get  the 
torque-speed  curve.  That  means  a  variation  of  the  torque  of 
the  machine  from  standstill  up  to  synchronism.  All  the  charac- 
teristic curves  of  motion  you  get  from  these  oscillograms,  curves 
which  in  the  induction  motor  are  difficult  to  get,  because  in 
the  induction  motor  the  speed  range  near  maximum  torque, 
is  unstable,  and  characteristics  of  that  range  can  be  derived 
mainly  by  connecting  the  motor  with  a  generator  which  feeds 
a  direct  current  motor  connected  to  constant  speed  shafting 
and  varying  the  field  excitation  of  the  motor  which  checks 
the  output.  This  is  well  known  and  has  many  times  been  de- 
scribed, and  in  this  way  you  can  hold  the  induction  motor  at 
any  point  of  speed,  stable  or  unstable,  above  or  below  synchron- 
ism, and  you  can  get  the  complete  torque  characteristics.  The 
oscillograms  of  the  synchronous  motor  permit  you  to  arrive  at 
a  very  definite  understanding  of  the  speed-torque  character- 
istics, which  in  the  induction  motor  you  might  get,  possibly, 
an  exploring  winding  on  the  squirrel-cage. 

Looking  at  these  oscillograms,  you  see  a  number  of  character- 
istics which  are  incidentally  mentioned.  If  you  take  curve 
Fig.  2,  at  the  end  of  the  first  oscillogram,  you  see  a  number  of 
waves  with  a  high  and  low  amplitude  alternating  for  a  consider- 
able number  of  periods  there.  Apparently  the  speed  was  prac- 
tically constant,  which  meant  a  low  torque  point  there,  where 
the  motor  accelerated  slowly,  because  after  a  considerable  num- 
ber of  cycles  there  was  no  acceleration  or  little  acceleration. 
That  apparently  corresponds  to  one-quarter  synchronous  speed, 
and  later  on  at  about  two-thirds  the  distance  of  the  second  curve 
from  the  Ijpttom  of  the  page,  there  was  a  very  large  number  of 
cycles  where  the  amplitude  is  constant,  where  the  machine 
moved  from  maximum  reluctance  point  to  maximum  reluctance 
point,  during  one  cycle  or  during  half  a  cycle.  During  half  a 
cycle  it  progressed  half  a  field  pole.  That  apparently  is  half 
synchronous  speed  where  it  tends  to  drop  off  a  little.  The  next 
curve  is  still  exaggerated,  but  much  less  prominent  at  the  three- 
quarter  synchronous  point,  so  that  if  you  would  construct  from 
the  oscillogram  the  speed-torque  characteristic,  you  would 
probably  be  reqtiired  to  introduce  a  considerable  drop  in  the  tor- 
que at  half  synchronism,  a  moderate  drop  of  torque  at  one- 
quarter  synchronism,  and  a  further  moderate  drop  of  torque  at 
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three-quarters  synchromsin.  This  is  at  the  low  voltage  starting. 
At  higher  voltage  starting  that  phenomenon  is  not  so  marked, 
but  these  oscillograms  allow  you  to  study  the  acceleration  curve 
of  the  synchronous  motor  much  more  closely  and  control  it  much 
better  than  in  the  case  of  the  induction  motors,  where  it  is  more 
difficult  to  determine  all  these  characteristics  of  intermediate 
speed.  We  thus  see  that,  as  an  engineering  problem,  when  it 
is  necessary  to  provide  high  efficiency  synchronous  motors  with 
good  starting  characteristics  what  we  have  really  is  a  much 
more  simple  problem  than  in  the  case  of  the  high  efficiency 
induction  motor,  and  in  my  opinion  the  large  synchronous  motor 
is  really  one  of  the  most  important,  and  most  useful  elements 
of  the  electric  system,  more  so  than  the  induction  motor,  be- 
cause instead  of  spoiling  the  power  factor  it  may  be  made  to 
improve  the  power  factor,  and  instead  of  interfering  with 
the  regulation,  making  the  voltage  vary  more  with  the  change 
of  load,  it  controls,  or  permits  the  control  of  the  voltage,  or  acts 
automatically  without  any  control,  by  establishing  a  fixed  volt- 
age point  due  to  its  excitation.  The  synchronous  motor  tends 
to  hold  the  voltage  more  nearly  constant  than  the  non-inductive 
load.  Many  engineers  do  not  yet  realize  the  usefulness  and  value 
of  a  synchronous  machine  as  an  element  in  the  electrical  system, 
and  therefore  I  very  much  appreciate  these  papers,  since  they 
give  additional  information  and  undoubtedly  will  tend  to  give 
the  sjmchronous  motor  a  still  wider  application  than  it  has  to- 
day. The  synchronous  motor  will  naturally  include  the  syn- 
chronous converter  and  the  synchronous  condenser. 

W.  L.  Merrill:  I  desire  to  ask  Dr.  Steinmetz  a  question  in 
connection  with  his  discussion  on  synchronous  motors,  and  that 
is,  why  he  compared  the  large  synchronous  condensers  or  syn- 
chronous motors  with  squirrel-cage  induction  motors.  It  has 
been  my  experience  in  such  applications  where  the  question  has 
arisen  as  to  whether  synchronous  motors  or  induction  motors 
should  be  used  the  squirrel  cage  motor  would  not  even  be  con- 
sidered; and  it  has  been  the  custom  always  to  supply  wound 
rotor  collector-ring  type  of  motors  in  the  majority  of  cases  where 
practically  any  starting  requirements  were  to  be  met.  In  some 
cases,  however,  where  synchronous  motors  have  been  installed 
to  do  the  work  that  is  successfully  being  done  by  wQund  rotor 
motors,  the  operation  of  the  synchronous  motors  compares 
favorably  with  the  operation  of  a  fuse  after  it  is  blown.  I  see 
no  reason  for  comparing  the  synchronous  motor  with  the  squirrel 
cage  induction  motor  for  ordinary  industrial  applications. 

R.  B.  Williamson:  In  regard  to  the  point  brought  up  by 
Mr.  Newbury  about  the  wound-rotor  type  of  motor,  my  idea  was 
not  to  recommend  that  type  of  motor  in  preference  to  the  salient 
pole  type.  The  experiment  was  tried  simply  to  find  out  if  that 
sort  of  motor  could  be  started  up  equally  well.  Motors  of  this 
type  might  occasionally  be  used  for  high  speed  work.  For 
ordinary  service  at  moderate  speeds  they  would  have  no  material 
advantage  and  would  be  larger  for  a  given  output. 
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F.  D.  Newbury:  I  wish  to  thank  Dr.  Steinmetz  for  his  con- 
tribution to  the  discussion,  particulariy,  because  his  discussion 
brought  out  a  number  of  points  I  hoped  would  be  brought  out; 
and  I  am  f f ee  to  confess  that  they  were  not  included  in  the  paper 
for  other  reasons  than  lack  of  space  and  time,  as  Dr.  Steinmetz 
was  kind  enough  to  suggest. 

There  is  one  point  in  particular  I  have  not  been  able  to  under- 
stand myself;  possibly  Dr.  Steinmetz  can  explain  it  either  now 
or  after  he  has  studied  the  matter  a  little.  Figs.  28  and  29  show 
exactly  the  same  conditions,  but  there  is  a  very  marked  differ- 
ence in  the  amplitude  of  the  armature  current  and  field  current 
changes. 

C.  P.  Steinmetz:  I  wish  to  think  the  matter  over  a. little  more 
and  cannot  give  an  answer  now,  but  in  regard  to  the  former 
question,  as  to  why  I  compared  the  synchronous  motor  with  the 
squirrel-cage  induction  motor,  the  reason  was  that,  when  the 
synchronous  -motor  starts,  it  starts  as  a  squirrel-cage  induction 
motor,  since  it  is  provided  with  a  squirrel-cage,  so  we  would 
naturally  compare  that  with  the  squirrel-cage  induction  motor. 

We  all  realize  that  there  are  very  many  motor  applications 
where  we  need  frequent  starting  at  heavy  torque  and  where  we, 
therefore  use  the  collector-ring  induction  motor.  These  appli- 
cations naturally  would  not,  as  a  rule,  be  met  by  the  synchronous 
motor  but  in  the  majority  of  cases  the  squirrel-cage  induction 
motor  is  used  and  therefore  I  compared  that  motor  with  the 
synchronous  motor.  It  does  not  mean  that  we  can  use  a  syn- 
chronous motor  in  every  place.  The  induction  motor  with 
collector  rings  and  rheostat  armature  control  has  its  legitimate 
and  very  important  field.  We  may  say  that  since  the  synchron- 
ous motor  starts  as  an  induction  motor  instead  of  providing  a 
squirrel-cage,  a  regular  winding  could  be  used  with  a- rheostat 
and  improve  the  starting  of  the  synchronous  motor  and  such  was 
the  point  I  made. 

I  remember  the  first  big  synchronous  motor  with  which  I  had 
anything  to  do,  that  was  in  1893,  somewhere  on  the  Pacific 
coast.  The  motor  is  still  running.  It  had  a  three-phase  pole 
face  winding,  each  winding  brought  out  to  a  switch,  in  which  a 
rheostat  was  connected  for  starting,  but  that  has  never  been 
done  since,  because  there  was  no  need  for  this  complication;  and 
in  all  the  conditions  where  the  synchronous  motor  was  used  it 
was  considered  all  right  to  start  as  a  high-resistance  squirrel-cage 
motor.  That  might  possibly  be  done  in  the  case  of  the  syn- 
chronous motor  by  giving  it  collector  rings  and  the  wire-wound 
induction  motor  winding.  The  objection  to  that  is  it  means 
a  winding  which  is  used  only  in  starting  not  in  running,  and  that 
is  a  complication.  If  the  winding  is  simple,  as  in  the  case  of 
the  squirrel-cage  motor,  which  incidentally  acts  as  an  amortis- 
seur  winding — a  damper  winding  when  running  at  synchronism, 
— ^then  it  is  favorable,  but  it  is  hardly  justifiable  in  most  cases, 
to  go  to  the  complication  of  an  external  rheostat,  but  rather  to 
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use  an  induction  motor  with  collector  rings  and  rheostat,  except 
in  those  cases,  which  may  occur,  where  the  synchronous  motor  is 
decidedly  preferable.     I  do  not  recall  any  cases  like  this. 

J.  C.  Lincoln:  I  would  like  to  ask  what  is  Mr.  Newbury's 
experience  with  reference  to  the  call  for  high  starting  torque  at 
low  speeds  and  high  starting  torque  at  near  synchronous  speeds. 
It  happens  my  experience  has  been  only  where  We  had  trouble 
when  it  was  due  to  the  fact  that  we  had  to  have  pretty  high  speeds 
near  synchronism,  but  judging  from  the  paper,  and  from  the 
curves  which  are  very  instructive,  I  wo\ild  infer  Mr.  Newbury's 
experience  has  been  in  cases  where  high  torque  was  required  in 
starting,  and  I  ask  what  his  experience  is  as  to  the  ordinary  re- 
quirements of  starting  torque,  whether  a  high  starting  torque 
is  required  at  starting  or  near  synchronous  speed? 

F.  D.  Newbury:  Whether  the  required  starting  torque  is 
greatest  at  standstill  or  synchronous  speed  depends  on  the  appli- 
cation. The  majority  of  synchronous  motors  is  used  in  motor 
generator  sets  where  the  largest  torque  is  reqtiired  at  standstill. 
This  may  be  considerable,  as  much  as  50  per  cent,  in  some 
cases,  of  full  load  torque.  In  the  case  of  pimips  and  fans  and 
air  compressors,  the  highest  torque  is  usually  required  near  syn- 
chronous speed.  In  the  case  of  fans  it  is  very  hard  to  shut  off 
the  air  supply  sufficiently  so  that  the  torque  at  full  speed  is  not 
very  near  the  full  load  torque  of  the  motor.  In  the  case  of  pumps 
where  a  by-pass  can  be  used,  the  torque  at  synchronous  speed 
is  considerably  reduced.  In  the  case  of  air  compressors,  the 
bulk  of  the  trouble  has  been  at  pull-in,  and  I  imagine  the  ab- 
sence of  trouble  in  many  cases  has  been  due  to  the  fact  that  the 
motor  was  pulled  in  on  full  voltage  and  not  starting  voltage. 
Probably  the  bulk  of  the  synchronous  motors  have  been  used 
tyr  motor  generators  sets,  where  the  starting  torque  is  the  great- 
est, so  that  quantitatively  the  bulk  of  the  trouble  has  been  at 
standstill. 

J.  C.  Lincoln:  With  a  motor-generator  set,  would  you  use 
a  low-resistance  winding  on  the  motor? 

F.  D.  Newbury:  Not  necessarily.  Many  and  perhaps  the 
majority  are  now  built  with  the  brass  or  high-resistance  sqmrrel- 
cage  windings,  illustrating  the  point  Mr.  Hobart  and  Dr.  Stein- 
metz  made,  that  it  is  possible  to  obtain  the  good  starting  perform- 
ance of  the  high  resistance  secondary  with  the  synchronous 
motor  while  it  is  not  possible  with  the  sqtiirrel-cage  induction 
motor.  With  steam-  or  water-driven  generators  now  generally 
used  there  is  little  necessity  for  low-resistance  amortisseiu*^windings 
for  prevention  of  hunting. 

H.  H.  Dewey:  Mr.  Newbury  implied  that  in  the  case  of 
large,  slow-speed  synchronous  motors,  having  a  large  number  of 
poles,  it  is  a  difficult  matter  to  obtain  high  torque  during  syn- 
chronism. Do  I  understand  that  it  is  harder  to  obtain  it  with 
a  machine  of  this  kind  than  with  a  high-speed  machine  having  a 
smaller  number  of  poles,  and  if  so,  to  what  does  he  attribute 
the  difference? 
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F.  D.  Newbury:  It  is  decidedly  more  difficult  to  get  high 
starting  torque  at  pull-in,  as  expressed  in  percentage  of  motor 
output,  with  the  larger  number  of  poles,  and  in  the  case  of  slow 
motors  for  air  compressors  the  figure  which  has  been  more  or 
less  standardized  by  the  compressor  manufacturer's  require- 
ments, and  also  by  tests,  is  about  15  per  cent;  that  is.  the  motors 
will  develop  15  per  cent  of  their  normal  torque  at  synchronous 
speed.  I  have  one  installation  in  mind  where  they  would  just 
pull  in,  and  the  tests  on  the  test  floor  show  just  about  15 
per  cent  pull  in  torque.  With  slow-speed,  two,  four,  and  six- 
pole  motors,  used  for  fans,  it  is  not  difficult  to  pull  in  at  prac- 
tically full  load  torque,  if  you  disregard  the  starting  torque  and 
ciurent.  The  reason  for  this  difference  is  rather  intimately 
connected  with  the  proportions  of  the  two  machines. 

H.  M.  Hobart:  For  a  long  time  salient  stator  poles  were  used 
for  very  high  speed  generators,  but  now  I  think  there  is  a  fairly 
universal  agreement  that  the  windings  should  be  distributed, 
although  it  is  only  comparatively  recently  that  there  was  any 
general  agreement  on  that  point.  Previously  the  salient  pole 
was  strongly  advocated  for  even  very  high  speeds.  I  feel  that 
there  should  be  a  closer  analysis  of  the  differences  in  the  con- 
struction and  of  the  respective  fields  of  usefulness  of  synchronous 
motors  and  induction  motors.  If  the  synchronous  motor  is  to 
be  developed  on  progressive  lines  the  work  must  be  entrusted 
to  those  who  are  accustomed  to  induction  motor  design. 

J.  H.  Wilson:  The  question  has  been  brought  up  of  the  pull- 
ing-in  effect  with  a  high  resistance  motor.  I  may  mention  two 
cases  I  had  recently  to  do  with,  where  a  2400-h.p.  synchronous 
motor  was  connected  to  some  grinding  stones  for  grinding  pulp. 
The  grinder  in  question  was  of  a  comparatively  new  type,  where 
the  wood  is  piled  in  the  hopper,  twelve  cords  of  wood  pressing 
on  the  stones  at  all  times.  This  particular  motor  had  a  high 
resistance  it  had  a  squirrel-cage  winding.  I  have  no  way  of 
finding  out  what  the  pull-in  torque  was,  but  it  must  have  been 
considerable,  because  there  was  always  a  large  amount  of  wood 
pressing  down  on  the  stone,  each  stone  taking  about  1200  h.p. 
That  motor  would  start  up  on  If  to  2  per  cent  full  load  current 
on  half  the  line  voltage,  and  seemed  to  pull  into  step  without 
trouble,  so  that  the  high  resistance  winding  at  or  near  synchron- 
ism must  have  given  fairly  high  torque. 

C.  P.  Steinmetz:  RegarcSng  the  pull-in  torque.  I  wish  to 
draw  attention  to  the  necessity  of  some  further  study  of  this 
matter.  The  phenomenon  in  the  synchronous  motor  puUine: 
in  to  synchronism  is  not  fully  realized  by  all  engineers.  It  is 
really  not  so  much  a  question  of  the  load  which  is  to  be  pulled  in 
but  a  question  of  momentum.  A  synchronous  motor  may  have 
difficulty  in  pulling  into  synchronism  while  accelerating  without 
any  load,  while  it  may  pull  in  nicely  without  any  difficulty  at 
full  load,  because  when  pulling  in  it  means  it  has  to  jump  from 
the  slip  given  by  the  induction  motor  into  synchronism,  and  in 
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that  very  short  period  it  has  to  accelerate  the  momentum.  The 
acceleration  of  the  momentum  is  usually  very  much  poorer  than 
the  actual  load,  so  that  you  will  find,  when  studying  the  pulling 
in  of  a  synchronous  motor,  especially  a  high-speed  motor  con- 
nected to  high-momentum  apparatus,  that  the  question  of  load 
or  low  load  makes  practically  no  diflference,  or  very  little  diflfer- 
ence.  What  we  have  to  consider  in  the  puUing-in  characteristic 
of  the  synchronous  motor  is  the  momentum  which  has  to  be 
pulled  into  step,  much  more  than  the  actual  drag  or  torque. 

F.  D.  Newbury:  I  do  not  wish  to  leave  the  discussion  of 
round  type  versus  salient  type  motors  where  it  stands.  There 
is  not  as  much  difference  between  Mr.  Williamson  and  myself 
as  might  appear.  I  still  hold  to  the  point  that  it  is  a  question 
of  cost,  and  that  is  a  hard  question  to  overcome  unless  you  can 
overcome  it  in  the  direction  of  a  reduction  of  cost.  I  do  not  see 
how,  from  theoretical  considerations,  you  can  do  that.  Maybe 
I  am  mistaken,  but  I  cannot  see  it. 

There  are  others,  notably  Mr.  Foster,  who  have  had  experience 
along  these  lines,  and  I  would  like  to  know  from  him  and  others, 
whether  their  experience  has  been  the  same  as  mine;  that  the 
salient  pole  type  for  a  given  output  can  be  built  more  cheaply 
than  the  round  rotor  type? 

I  am  entirely  in  agreement  with  what  Mr.  Williamson  said 
.in  regard  to  the  performance  of  the  round  rotor  type.  There 
is  nothing  against  its  performance;  in  fact,  it  has  very  decided 
advantages,  as  Mr.  Williamson  pointed  out;  there  is  uniformity 
of  reluctance  so  that  there  is  a  uniformity  of  torque  in  the  rotor; 
the  starting  performance  of  the  phase-wound  induction  motor 
can  be  obtained  by  inserting  resistance  in  the  external  exciting 
circuit ;  other  decided  advantages  have  led  designers  to  investigate 
it  thoroughly.  If  my  conclusions  are  wrong,  I  would  be  glad 
to  be  corrected. 

Wm.  J.  Foster:  My  experience  agrees  entirely  with  Mr. 
Newbury.  That  matter  has  been  investigated  in  a  number  of 
cases  during  my  experience  of  20  years  or  more.  I  think  the 
first  synchronous  motor  I  had  anything  to  do  with  was  built 
with  pole  faces  85  or  90  per  cent  of  the  pole  arc,  as  against  the 
ordinary  65  per  cent  of  the  generator.  Much  of  the  investigation 
made  along  that  line,  with  regard  to  the  design  of  the  synchronous 
motor,  is  based  on  using  stock  parts  of  induction  motors,  since 
we  have  the  benefit  of  the  cheaper  production,  due  to  stock 
parts,  and  can  easily  make,  the  nesessary  modifications  in  the 
rotor,  with  the  increased  air  gap,  etc.  It  has  been  my  experience 
that  we  have  never  been  able  to  work  out  that  type  of  motor  in 
competition  with  the  salient  pole  in  any  size  in  which  synchronous 
motors  are  called  for.  In  very  small  motors,  it  is  often  a  profit- 
able thing,  because  there  is  not  demand  enough  to  warrant  the 
development  of  an  entire  new  salient  pole  machine.  Hence 
the  synchronous  motor  can  be  best  built  from  standard  induction 
motor  parts  in  very  small  sizes. 
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As  to  the  matter  of  the  characteristics,  I  am  sorry  I  have 
not  exact  data  on  the  subject,  but  as  far  as  my  experience  goes 
it  has  been  in  favor  of  the  round  rotor,  that  is,  in  returns  that 
one  gets  for  the  input. 

H.  M.  Hobart:  People  are  usually  willing  to  pay  more  for 
a  good  thing  than  for  a  bad  thing,  if  only  they  can  get  the  good 
thing. 

W.  J.  Foster:  I  want  to  know  in  what  respect  it  is  a  good 
thing  as  compared  with  the  present  motor.  Why  do  you  call 
one  good  and  the  other  bad? 

H.  M.  Hobart:  I  call  it  good  because  it  starts  with  high 
torque  and  runs  rapidly  up  to  synchronism  with  good  torque 
all  the  way  through.  These  are  not  characteristics  of  syn- 
chronous motors  as  at  present  designed. 

Wm.  J.  Foster:  I  have  built  and  operated  a  number  of 
motors  of  the  wound  rotor  type,  but  I  cannot  agree  with  that 
statement.  It  is  a  question  of  how  to  adjust  things  with  relation 
to  the  torque,  and  that  is  a  serious  drawback  in  the  synchronous 
motor.  It  is  right  there  where  investigation  has  been  going  on 
quite  actively  in  the  last  two  or  three  years  as  to  how  to  increase 
the  torque. 

R.  B.  WiUiamson:  It  seems  to  me  the  only  reason  for  build- 
ing synchronous  motors  with  round  rotors  is  the  same  reason 
for  which  we  build  generators  with  round  rotors.  It  is  a  question 
of  speed.  To  design  a  motor  for,  say,  3600  rev.  per  min. ,  we  would 
have  to  use  a  mechanical  construction  the  same  as  for  a  turbo- 
generator; but  for  ordinary  speeds  where  we  would  use  a  salient 
pole  construction  for  a  generator  I  should  say  by  all  means  to 
use  it  for  the  synchronous  motor.  I  do  not  think  there  are  any 
great  differences  in  the  characteristics;  the  only  thing  I  had  in 
mind  was  the  question  of  overcoming  the  mechanical  difficulties 
at  high  speed. 

W.  L.  Merrill:  The  principal  point  I  wanted  to  bring  out  by 
asking  Dr.  Steinmetz  the  question  I  did  is  that  the  author  of 
one  of  the  papers  appeared  to  be  advocating  loading  up  the 
central  station  lines  with  synchronous  motors  to  the  value  of 
40  or  60  per  cent  of  their  total  load.  My  experience  in  industrial 
work  is  that  possibly  one  or  two  per  cent  of  the  industrial 
applications  of  motors,  with  the  present  type  of  synchronous 
motor  which  we  have,  could  be  handled  by  synchronous  motors, 
and  I  was  afraid  from  the  glowing  comparison  which  Dr.  Stein- 
metz made  of  the  synchronous  motor  and  induction  motor  that 
the  impression  might  be  gained  that  they  were  interchangeable, 
when  as  a  matter  of  fact  in  the  sizes  which  he  was  discussing 
no  one  would  consider  the  question  of  a  squirrel-cage  motor 
any  way.  If  we  could  get  large  synchronous  motors,  involving 
the  characteristics  of  the  form  wound  induction  motors,  it 
would  not  only  be  possible,  but  i^robable,  that  the  central 
stations  could  go  to  40  per  cent  of  the  total  loads  with  synchron- 
ous apparatus. 
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Wm.  J.  Foster:  I  wish  to  say  in  connection  with  the  point 
brought  up  by  Mr.  Hobart  that  if  you  put  in  an  external  re- 
sistance with  a  definite  wound  rotor,  and  make  use  of  external 
resistances,  you  get  excellent  results,  as  far  as  starting  torque 
goes.  You  can  then  cut  out  the  external  resistance  and  switch 
the  excitation  on  two  phases  of  the  rotor  winding,  leaving  the 
third  phase  idle,  or  use  one  phase  against  the  other  two  for 
excitation. 

H.  M.  Hobart:  In  my  first  remarks  I  said  there  were  various 
ways  of  improving  the  motors  which  were  quite  available  and 
valuable,  but  that  no  one  wanted  to  use  them,  but  I  did  not  go 
into  the  question  of  what  those  ways  were.  They  related  to  this 
question  of  getting  a  high  torque  not  only  at  the  moment  of  start- 
ing, but  a  high  torque  right  straight  through  into  synchronism. 
I  did  not  feel  that  it  devolved  on  me  to  go  into  the  details  of 
these  methods  on  this  occasion,  since  I  have  already  published 
descriptions*  of  them.  It  is  an  interesting  field  to  which 
little  attention  has  been  given.  These  methods  will  be  widely 
used  in  the  future.  At  present  they  are  opposed  in  accordance 
with  those  general  principles  always  acting  when  new  ideas  of 
value  are  first  brought  to  attention. 

C.  P.  Steinmetz:  I  do  not  think  I  am  prepared  to  discuss 
off-hand  the  last  subject  which  was  brought  up.  We  all  realize 
what  we  have  in  the  synchronous  motor  is  the  induction  motor 
start,  and  also  in  the  starting  of  the  squirrel-cage,  as  squirrel- 
cage  that  is,  high  resistance  in  starting  and  decreasing  resistance 
to  a  very  low  resistance  at  running,  and  that  decrease  should  be 
as  simple  as  possible. 

In  regard  to  the  difference  between  the  definite  pole  rotor 
and  the  imiform  reluctance  rotor,  the  main  differences  in  my 
mind  are  that  the  definite  pole  rotor  gives  a  less  uniform  start- 
ing torque,  and  if  in  starting  we  must  consider  the  momentum 
torque,  the  definite  pole  rotor  is  inferior  in  starting,  other 
things  being  the  same,  than  is  the  uniform  reluctance  rotor. 
Furthermore,  the  definite  pole  rotor  shows  a  drop  in  torque  at 
fractions  of  synchronism,  a  certain  amount  at  half  synchronism, 
and  less  at  quarter  synchronism,  more  than  the  imiform  re- 
luctance rotor,  which  latter  very  often  does  not  show  a  drop  in 
the  torque  curve  at  sl\1.  On  the  other  hand,  the  definite  pole 
rotor  drops  into  step  easier,  because  it  has  that  additional 
torque,  the  tendency  of  the  magnetic  lock,  therefore  in  dropping 
into  synchronism  the  definite  pole  rotor  has  the  advantage. 

At  the  moment  of  starting,  the  synchronous  motor  of  today 
has  ample  torque  to  start  any  load  which  it  will  carry.  However, 
the  stopping  off  at  half  speed  has  been  a  very  decided  disadvan- 
tage in  former  times  in  the  synchronous  motor,  but  with  the 
introduction  of  the  fairly  well  distributed  squirrel-cage  winding, 
even  with  the  winding  local  only  through  a  wide  field  pole, 

*See  pp.  202  to  21^  of  *'Desij[,n  of  Polyphase  Generators  and  Motors", 
by  H.  M.  Hobart. 
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that  diflSculty  has  practically  vanished,  so  that  as  it  stands  today, 
on  the  average  there  is  very  little  to  choose  between  the  definite 
pole  rotor,  and  the  uniform  reluctance  rotor.  You  cannot 
say  they  are  exactly  alike,  the  one  is  better  in  pulling  in  and  the 
other  is  better  in  acceleration,  but  after  all,  that  is  a  question  of 
the  nature  of  the  load,  and  also  a  question  as  to  how  much  the 
one  advantage  or  the  other  is  worth  imder  the  greater  cost  of 
the  construction,  or  whether  it  is  not  worth  anytHing  at  all. 
It  is  really  like  most  engineering  problems,  an  economic  question 
between  the  engineering  design  and  the  requirements  of  service, 
and  the  cost  of  the  apparatus;  but  in  the  last  five  or  ten  years 
the  advantage  in  development  has  been  largely  in  improving 
the  starting  condition  and  the  fraction  synchronous  condition, 
that  is,  reducing  and  eliminating  the  disadvantage  of  the  definite 
pole  construction,  so  that  today  the  definite  pole  construction 
really  has  practically  no  disadvantage  as  a  synchronous  motor 
over  the  uniform  reluctance  type.  Today  indeed  in  the  syn- 
chronous motor,  that  field  in  which  there  is  the  least  known 
or  available  in  the  literature,  are  the  phenomena  of  pulling 
into  step,  and  as  you  have  heard  from  Mr.  Foster  a  large  amount 
of  investigating  work  is  being  carried  on  in  this  direction,  and 
I  hope  Mr.  Foster  will  be  able,  at  some  of  the  future  meetings, 
to  give  us  some  additional  information  of  the  phenomena 
occurring  in  the  synchronous  motor  in  that  range  of  speed  where 
it  is  not  an  induction  motor  any  more,  and  where  it  is  not  yet  a 
synchronous  motor. 

C.  J.  Fechheimer  (by  letter):  The  many  oscillograms  in 
Mr.  Newbury's  paper  convey  to  our  minds  an  unusually  clear 
picture  of  the  phenomena  from  standstill  to  synchronism,  of 
the  transients  produced  by  the  varying  reluctance  of  the 
magnetic  circuit  due  to  the  projecting  poles,  and  those  caused 
by  temporary  changes  when  the  coimections  are  altered.  Inas- 
much as  the  physical  conception  of  a  phenomenon  frequently 
is  of  more  importance  than  the  mathematical,  especially  to 
the  engineer  or  student  who  does  not  design  the  apparatus,  the 
graphical  oscillograph  records  are  of  great  value. 

Mr.  Newbury  states:  "  These  facts  show  the  desirability  of 
starting  synchronous  motors  with  the  field  circuit  closed  (and 
so  eliminating  the  high  voltage  from  the  field  winding  and  the 
switchboard),  except  in  special  cases  where  unusually  high 
initial  starting  torque  is  required.  For  such  applications  a 
high  resistance  damper  win^g  is  necessary,  the  benefits  of 
which  in  producing  torque  would  be  largely  nullified  by  the 
closed  field  of  circuit.  In  such  special  applications,  however, 
care  must  be  taken  to  insure  that  the  instdation  of  the  entire 
field  circuit  will  withstand  the  resulting  voltage.**  This  state- 
ment applies  to  motors  with  rotors  equipped  with  squirrel  cage 
windings  and  laminated  poles.  Mr.  Newbury  has  not  commented 
at  all  on  synchronous  motors  with  solid  poles.  We  wish  to  call 
attention  to  the  very  desirable  effects  which  can  be  produced 
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with  solid  pole  rotors  in  which  eddy  currents  are  crowded  into 
thin  shells  toward  the  surfaces,  (the  well-known  skin  effect 
phenomenon),  whereby  the  starting  torque  is  increased,  whereas 
the  number  of  inter-linkages  of  flux  with  the  field  turns  is 
reduced,  with  the  result  that  the  induced  voltage  in  the  field 
coils  is  lowered. 

We  give  below  some  data  from  actual  solid  pole  machines 
which  were  available  for  the  tests.  From  them  it  will  be  seen 
that  the  induced  voltage  with  solid  poles  is  small  as  compared 
with  that  obtained  with  laminated  poles  in  which  the  squirrel 
cage  construction  is  embodied.  Instances  of  these  latter  are 
cited  in  Mr.  Newbury's  paper.  We  have  taken  as  a  basis  of 
comparison  the  induced  voltage  with  a  torque  of  30  per  cent 
of  normal  full  load  torque,  this  value  being  as  large  as  is  usually 
demanded  of  synchronous  motors  at  starting. 


Rotor    volt- 

Rating     . 

D-C.  excit- 

age for  30% 

ing  voltage 

torque 

2000-kv-ft. 

11. 000- volt  three-phase  50-cycle  600  rev.  per  min. 

125 

1690 

180-kv-a. 

2300-volt  three-phase  60-cycle  160  rev.  per  min. 

IV£ 

1790 

350.h.  p. 

2300- volt  three-phase  60-cycle  257  rev.  per  min. 

260 

2610 

60-kv-ft. 

240-voIt  three-phase  60-cyclel200  rev.  i)er  min. 

125 

1440 

lOO-kv-a. 

240-voIt     two-phase  60-cycle  257  rev.  per  min. 

125 

1230 

150-kv-a. 

275-volt  three-phase  60-cycle  900 rev.  per  min. 

125 

427 

We  do  not  favor  short-circuiting  of  the  field  coils  at  starting, 
since,  for  a  given  starting  torque,  not  only  is  the  line  current 
increased  thereby,  but  there  is  a  possibility  of  the  rotor  refusing 
to  accelerate  beyond  half  speed  unless  the  field  circuit  is  opened. 
As  stated  by  Mr.  Newbury,  and  also  in  my  reply  to  the  dis- 
cussion of  my  paper  on  Self-Starting  Synchronous  Motors'^, 
the  rheostat  resistance  is  entirely  inadequate  in  assisting  toward 
the  reduction  of  line  current  for  a  given  torque  at  the  instant  of 
starting.  Motors  with  solid  rotors  have  been  built  successfully 
for  a  number  of  years,  and  so  far  as  we  are  aware,  all  of  them 
are  started  with  the  field  circuit  open,  the  induced  voltage  in  no 
case  being  prohibitive,  no  disastrous  results  having  come  to  our 
attention  as  a  result  of  the  induced  voltage. 

It  is  interesting  to  note  that  with  the  solid  pole  construction, 
the  torque  is  not  proportional  to  the  second  power  of  the  voltage, 
as  is  generally  assumed,  but  to  a  slightly  higher  power,  about 
2.1  to  2.5  Similarly,  the  other  quantities  vary  in  a  different 
manner  than  generally  assumed.  For  example,  in  a  certain 
100-kv-a.  solid  rotor  synchronous  motor,  the  following  relations 
were  found  by  plotting  results  on  logarithmic  cross-section 
paper: 

1.  Torque  varied  as  2.5  power  of  voltage. 

2.  Torque  varied  as  1.73  power  of  current. 

3.  Ctarent  varied  as  1.38  power  of  voltage. 


*T&AN9.  A,  I.  E.  Em  Vol.  XXXI,  lOia.  p.  620. 
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4.  Power  input  varied  as  2.53  power  of  voltage. 

5.  Torque  varied  as  1.05  power  of  kilovolt-ampere  input. 

6.  Kilowatt  input  varied  as  1.05  power  of  kilovolt-ampere 
input. 

7.  Torque  varied  as  the  first  power  of  kilowatt  input  to  rotor. 
A  comparison  of  the  above  relations  will  reveal  their  con- 
sistency. 

We  believe  that  the  departures  indicated  above  from  what 
would  seem  to  be  the  most  rational  laws  are  due  chiefly  to  the 
increased  crowding  of  eddy  currents  into  the  shells  of  the  rotor 
surfaces  as  the  current  is  increased;  thus  the  reactance  of  the 
eddy  ciurent  paths  is  reduced,  the  current  is  proportionately 
increased,  the  power  factor  is  slightly  increased,  etc.  There  are 
advantages  in  these  relations,  among  them  being  that  they 
result  in  a  not  inconsiderable  gain  in  torque  for  a  given  increment 
of  voltage,  especially  when  the  demand  for  such  torque  is 
greater  than  was  first  anticipated. 

At  first  thought  it  may  appear  that  the  starting  characteristics 
with  the  solid  construction  are  predicted  only  with  great  difii- 
culty  due  to  the  uncertainty  of  the  laws  which  eddy  currents 
follow.  We  would  therefore  call  attention  to  the  method 
given  in  my  paper  on  this  subject,  and  state  at  this  time  that 
we  have  been  using  this  method  for  about  three  years  with 
great  success.  We  have  recently  modified  the  method  so  as  to 
include  exponents  other  than  generally  assumed,  such  as  in- 
dicated above.  With  these  modifications  our  method  is  sub- 
stantially the  same  as  previously  described.  In  fact  we  believe 
that  greater  accuracy  in  the  prediction  of  starting  character- 
istics can  be  secured  with  the  solid  construction  than  with  the 
laminated  squirrel  cage  construction,  there  being  less  uncertain- 
ties in  the  former  than  in  the  latter. 

The  above  is  not  intended  to  be  more  than  a  partial  com- 
parison of  solid  and  laminated  pole  squirrel  cage  rotors. 

It  is  now  generally  conceded,  that  insofar  as  the  current 
taken  when  breaking  loose  from  rest  is  concerned,  the  air  gap 
should  not  be  made  smaller  than  would  be  best  suited  for  the 
motor  after  it  comes  into  synchronism  and  is  excited  in  the 
ordinary  manner.  I  wish  to  call  attention,  however,  to  my 
statement  given  in  reply  to  the  discussion  of  my  paper  pre- 
viously referred  to:  **  When  operating  at  synchronous  speed 
without  direct-current  excitation  the  current  drawn  from  the 
line  depends  almost  wholly  upon  the  magnetomotive  force 
required  to  force  the  flux  across  the  air  gap."  From  this  point 
of  view  it  will  be  seen  that  the  effect  of  the  air  gap  upon  line 
current  may  be  of  considerable  importance. 

In  Pig.  7,  Mr.  Newbury  shows  that  the  current  after  syn- 
chronism is  less  than  at  any  time  during  acceleration.  This 
would  imply  that  the  air  gap  is  small,  since  as  stated  above, 
the  air  gap  reluctance  plays  the  chief  part  in  the  current  taken 
after  the  machine  locks  into  synchronism  with  no  direct-current 
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excitation.  In  the  various  speed-torque  ctu'ves  shown  in  my 
paper,  the  current  after  locking  into  synchronism  is  somewhat 
greater  than  just  before  synchronism  is  reached.  If  a  synchron- 
ous motor  is  designed  to  give  double  torque  for  pull  out  and  is 
intended  for  unity  power  factor  operation,  the  air  gap  will 
generally  be  of  suflScient  length  to  cause  the  current  after 
locking  into  step  to  be  greater  than  at  about  95  per  cent  of 
synchronism.  On  the  other  hand,  if  the  motor  is  designed 
with  a  small  air  gap  and  is  intended  to  operate  with  leading 
power  factor  for  balancing  some  of  the  lagging  current  in  a 
system,  the  air  gap  may  be  so  short  that  the  current  flowing 
when  the  motor  is  in  synchronism  without  any  direct  cturent 
excitation  is  less  than  at  any  point  during  acceleration. 

Mr.  Newbury  starts  his  synchronous  motor  on  fractional 
voltage  and  excites  the  fields  before  throwing  over  to  ftdl  voltage. 
He  states:  "  The  armature  circuit  is  momentarily  opened  by 
throwing  from  the  low  voltage  to  the  high  voltage  and  current 
drops  to  zero  during  this  interval."  If  the  circuit  is  to  be  opened 
and  then  closed,  his  method  might  be  a  desirable  one  in  cases 
where  stored  energy  in  the  rotating  parts  is  high,  frictional 
torque  comparatively  small  and  the  mechanical  angle  between 
adjacent  poles  comparatively  large,  such  as  would  be  the  case, 
for  example,  with  synchronous  motor-generator  sets.  On  the 
other  hand,  were  the  synchronous  motor  to  drive  a  reciprocating 
air  compressor,  the  motor  operating  at  a  small  angular  velocity, 
the  frictional  resistance  being  rather  high,  the  mechanical  angle 
between  poles  small  and  the  stored  energy  small,  the  rotor  may 
change  its  phase  position  appreciably  during  this  transitional 
stage.  When  full  voltage  is  then  applied,  there  is  a  possibility 
of  setting  up  rather  high  mechanical  forces  and  of  catising  a 
momentary  large  current  rush.  Hence,  we  may  conceive  of 
trouble  ensuing  in  cases  of  this  kind.  It  may  then  be  best  to 
throw  on  full  voltage  before  applying  direct-current  excitation. 
If  the  circuit  is  kept  closed  during  the  transition  from  fractional 
to  full  voltage,  we  believe  it  best  in  all  cases  to  excite  the  fields 
on  fractional  voltage,  so  as  to  reduce  to  a  minimum  the  current 
which  would  flow  after  full  voltage  is  applied. 

It  is  usually  undesirable  to  apply  as  much  as  unity  power 
factor  exciting  cttrrent  in  order  to  cause  the  motor  to  lock  into 
synchronism  provided  synchronous  speed  cannot  be  obtained 
without  the  application  of  such  current.  In  Figs.  11,  12  and  13 
and  accompanying  description  in  my  paper  referred  to  above, 
it  is  shown  that  there  is  a  critical  value  of  excitation  for  each 
speed  which  will  give  maximum  torque,  beyond  which  the 
torque  drops  off,  but  the  current  in  the  stator  increases.  A 
knowledge  of  this  characteristic  may  prove  valuable  to  the 
operator  who  has  had  difficulty  in  causing  his  motor  to  lock 
into  synchronism,  or  finds  the  current  drawn  excessive  for 
his  supply  system. 
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STANDARDIZATION  OF  METHOD  FOR  DETERMINING 

AND  COMPARING  POWER  COSTS  IN  STEAM 

PLANTS 


BY    H.    G.    STOTT   AND   W.    S.    GORSUCH 


The  need  of  some  uniform  method  of  accounting  for  the  deter- 
mination of  the  cost  of  power  in  steam  plants  has  been  long  felt. 
The  subject,  however,  seems  to  have  been  allowed  to  drift  along 
without  reaching  any  very  definite  conclusion,  with  the  natural 
result  that  there  are  numerous  forms  in  use  today.  These  forms 
are  founded  upon  assumptions  which  are  radically  different;  for 
example,  some  costs  are  based  upon  the  gross  output  and  others 
on  the  net  output  to  feeders,  giving  results  which  may  vary  from 
2  to  5  per  cent,  and  yet  both  may  be  correct. 

This  paper  is  presented  with  the  hope  that  the  Standards  Com- 
mittee may  consider  the  time  opportune  to  adopt  a  standard 
method  of  determining  power  costs  in  steam  plants  using  coal, 
oil  or  gas  for  fuel,  whereby  the  various  items  that  enter  into  the 
cost  of  generating  electricity  can  be  compared,  and  at  the  same 
time,  ascertain  whether  or  not  the  plant  is  realizing  its  full 
efficiency. 

The  modem  tendency  to  consolidation  of  small  plants  also 
renders  it  essential  that  not  only  should  costs  be  determined,  but 
that  some  method  should  be  established  whereby  the  costs  in 
different  plants  can  be  corrected  to  allow  for  variation  in  load 
conditions,  cost  and  quality  of  fuel,  labor,  etc. 
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The  subject  of  this  paper  is  naturally  divided  into  five  in- 
dependent sections,  as  follows: 

I.  Production  and  Production  Repairs  Costs. 

II.  Investment  Costs. 

III.  General  and  Miscellaneous  Administration  Expenses. 

IV.  Total  Cost  of  Power. 

V.  Analysis  of  Production  and  Production  Repairs  Costs  and  Data. 

For  the  purpose  of  studying  the  performance  of  individual 
plants,  or  comparing  independent  stations,  the  groups  under  the 
first  four  sections  are  arranged  so  that  the  cost  of  any  item  can 
be  determined  in  cents  per  kilowatt-hour  net  output  for  any 
period.  Section  V  gives  a  complete  analysis  of  section  I  and  of 
the  general  operating  results  for  the  same  period. 

I.  Production  and  Production  Repairs  Costs 


PRODUCTION  COSTS 

1 

PRODUCTION  REPAIRS  COSTS 

Cost,  cenU 

Gost.  ccnU 

per  kw-hr. 

X>cr  kw-hr. 

net  output 

Group 

net  output 

Group 

1 

7t 
t3 

1 

1 

It 

I 

JS 

S 

JS 

s 

P.A.Managbmbnt  and  Garb 

R.A.  Furnaces  and  Boilers 

1.   Superintendence 

1.   Boilers 

2.   Engineering  Staff 

2.   Puxnace  settings 

3.   Chemists 

(brick) 

4.  Clerks                           j 

3.   Stoker     and     stoker 

6.   Messengers                   . 

engines   or   motors 

6.  Janitors                         | 

4.   Stoker    (parts   inside 

7.  Watchmen 

of  furnace) 

1 

8.   Store  keepers                ! 

5 .   Grate  bars 

1 

9.   Elevatormen                 I 

6.   Burners  and  atomisers 

10.   Miscellaneous              | 

7.   Superheaters 

8.   Smokestacks 

1 

9.   Boilct  insurance 

1 

1 

10.   MisceUaneous 

Total:, 

Total: 

1 

P.B.  BoiLBR  Room 

1 
R.B.  Boilbr  Accsssoribs 

1.   Engineers 

1.   Economizers 

2 .   Water  tenders 

2.   Boiler  feed  pumps       ' 

3 .   Stoker  operators          i 

3.   Heaters                         | 

1 

4.        ■               •     assts.    ' 

4.   Coal     handling     ap-, 

5.   Firemen 

paratus                      ' 

6.   Firemen  assts. 

5.  Ash  handling  appar-' 

7.   Peed  pumpmen 

atus                           1 

8.   Oilers 

6.   Fuel  oil  handling  ap-!        1 

9.   Boiler  cleaning 

paiatus                     1 

10.   Bconomiser,  cleaning. 

7 .   Fuel  gas  handling  ap- 

and oiling                  | 

paratus                     !        ' 

11.  Ash  handlers 

8.   Miscellaneous 

12.   Miscellaneous 

1 

Total: 

Total:| 
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I.  Production  and  Production   Repairs  Costs — Continued 


PRODUCTION  COSTS 

1 

PRODUCTION  REPAIRS  COSTS 

Cost,  cents    | 

Cost,  cents 

per  kw-hr.     | 

per  kw-hr. 

net  output     I 

net  output 

yi 

3 

Group 

1 

1 

1 

1 

1 

1 

^ 

s 

Group 

i 

s 

H 

P.C.  Bnginb  Room 
1.  Bngineen 

R.C.  Engines 

2.  Turbine  operators 

1.   Reciprocating 

3.  Wipers 

2.  L.  P.  turbines 

4.  Atr  ptunpnen 

3.   H.  P.  turbines              > 

5.  Engine  oUers 

1 

4.   Exciters                        1 

0.  Pimp  oilers 

1 

5.   Miscellaneous 

7.  Miscellaneous 

1 

Total: 

1 

Total 

P.O.  Elbctrical 

1 

R.D.  Engine  Accessories 

1 .  Supt.  and  operators 

1.   Condensers,        baro- 

2. Switchboardmen 

metric  and  jet 

3.   Dynamo  tenders  and 

1 

2.   Condensers,  surface 

deanert 

1 

3.   Cooling  tower 

4.  Oil  switch  attendants 

4.  Auxiliary  pumps 

6.   Storage    battery    at- 

6.  Miscellaneous 

tendants 

6.   Wiremen 

7.  Electrical  laboratory 

8.  Lighting  system 

1 

9.   Miscellaneous 

1 

Total: 

Total: 

P.E.  Fuel  for  Steam 

1 
1 

R.E.  Piping 

1.  Coal.bituminous.tons 

1 

1 .   Main  steam 

(2240  lb.)  (1016  kg.) 

' 

2 .   Auxiliary  steam 

2.   Coal,  anthracite,  tons 

1 

3 .   Exhaust  steam 

(2240  lb.)  (1016  kg.) 

1 

4.   Hot  water 

3.  Oil 

6.   Cold  water 

barrels  (hectoliters) 

1 

6.   Blow  of! 

1 

7.  Traps 

4.  Gas.cu.  ft.(cu.meters) 

8.  Oil  system 

5.   Dock  rental 

9.   Air  system 

6.  Track  rental 

10.    Miscellaneous 

7.   Miscellaneous 

1 

1 

Total: 

1 

Total: 

P.P.  Water  for  Steam 

R.P.  Electric  Generators 

1 .   Peed  water 

i 

1 .   Engine  driven 

! 

1 

2.   Turbine  driven.  L. P. 

1 

3.  Chemicals     used     in 

1 

3.   Turbine  driven,  H.P, 

1             1 

purification 

1 

4.   Exciters 

i 

4.  Condensing  water 

6.    Miscellaneous 

1 
1 

1 

1 

6.  Tunnel  rental 

i 

1 

6.  Miscellaneous 

1 

Total: 

Total: 
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I.  Production  and  Production  Repair   Costs — Continued 


PRODUCTION  COSTS 

Cost,  cents 
per  kw-hr. 
net  ontirat 


PRODUCTION  REPAIRS  COSTS 

Coet,cenU 
per  kw-hr. 
net  output 


Group 


-a 
c 
5    -a 


5S     H 


Group 


P.O.  LUSmjCAlTTS 

1.  AU      InbricanU 

machinery 

2.  Miscellaneous 


for 


Total:! 


I 


P.H.  Production  Supplibs 

1.  Rags 

2.  Waste 

3.  Packing 

4.  Pire  room  tools 

5.  Chemical    laboratory 

supplies 

6.  Lamps  and  fuses  j 

7.  Miscellaneous  ! 

Total:  I 


P.I.  Station  Expbnsbs 

1.  Stationery  and  print- 1 

Ing  I 

2 .  House  water  . 

3.  Telephone 

4.  Miscellaneous  , 

Total:! 


P.J.  Gbnbral 

1 .  Vehicle  service 

2.  Personal  injuries 

3.  Other  property  dam-! 

age 

4.  Pensions  1 

5 .  Miscellaneous 

Total:  I 


I        i 


R.G.  Elbctrical    Accbssor- 

IBS 

1 .  Oil  switches 

2.  Switchboards 

3.  Storage  battery,   ex- 

citer 

4.  Storage  battery,  con- 

trol 

5 .  Synchronous  convert- 

ers or  motor-gener- 
ators 

6 .  Signal  system 

7 .  Electrical  laboratory 

8.  Miscellaneous 

Total 


•3 

•c 

1 

5 

H 

R.H.  Tools 

1 .  Machine  shop 

2.  Repair  of  all  tools 

3 .  Cranes  and  hoists 

4 .  Miscellaneous 


Total 


R.I.  Building 

1.  Building 

2.  Elevators 

3.  Lighting 

4 .  Heating 

5.  Ventilating 

6.  Miscellaneous 


Total 


R.J.  Gbnbral 

1 .  Vehicle  service 

2 .  Personal  injuries 

3.  Other  property  dam- 

age 

4 .  Miscellaneous 

Total: 
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Summary  of  Production  and  Production  Repairs  Costs 


PRODUCTION  COSTS 

i 

PRODUCTION  REPAIRS  COST 

Cost,  cents     I 

Cost,  cents 

per  kw-hr.     ' 

per  kw-hr. 

net  output 

net  output 

.3 

1 

^ 

Group 

1 

1 

H    1 

Group 

1 

1 

-a 

J5 

1 

►J 

1 

(2 

P.A. 

Managbmbnt  and  Cars 

i 

R.A.  PURNACES  AND  BoiLERS 

P.B. 

Boilkr-Room 

R.B.  Boiler  Accessories 

P.C. 

Enginb-Room 

R.C.  Engines 

p.d. 

Electrical 

R.D.  Engine  Accessories 

P.E. 

PUBL   FOR   StBAM 

R.E.  Piping 

P.P. 

Water  for  Steam 

R.P.  Electric  Generators 

P.O. 

Lubricants 

R.G.  Electrical   Accessor- 

P.H. 

Production  Supplies 

ies 

P.l. 

Station  Expenses         | 

, 

R.H.  Tools 

P.J. 

General 

Total:! 

1 
1 

R.I.  Building 
R.J.  General 

Total: 

Cost,  cents  per  kw-hr.  net  output 

Production 

Labor  and  material 

Production  Repair 

s 

Total 

Definitions  of  Production  Groups 
The  groups  are  designated  by  letter  and  the  general  items 
under  the  groups  are  numbered  for  convenience  of  reference.  A 
miscellaneous  item  is  added  to  each  group  to  include  matters 
not  specifically  covered  by  the  general  items.  When  general 
labor  is  chargeable  to  a  particular  group  but  not  definitely  cov- 
ered by  any  item  of  that  group,  it  should  be  charged  to  the 
miscellaneous  item. 

Group  P.  A.  Management  and  Care.  This  includes  that 
portion  of  the  salaries  and  personal  expenses  of  the  station 
manager  or  chief  engineer,  mechanical  engineer  or  superintendent, 
electrical  engineer  or  superintendent;  that  portion  of  the  salaries 
of  the  engineering  staff,  chemists  and  store-keepers  chargeable 
to  the  generating  plant;  also  salaries  of  clerks,  messengers, 
janitors,  watchmen  and  elevatormen. 

Group  P.  B.  Boiler  Room.  This  covers  the  cost  of  all  labor 
in  boiler  room  and  elsewhere  in  the  power  plant  having  to  do  with 
making  steam;  including  that  portion  of  the  salaries^f  theT 
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assistants  to  the  mechanical  engineer  or  superintendent  charge- 
able to  the  boiler  room;  also  such  labor  as  water  tenders,  stoker 
operators,  assistant  stoker  operators,  firemen,  assistant  firemen, 
feed  pumpmen,  oilers,  boiler  cleaning,  economizer  cleaning  and 
oiling,  ash  handlers  and  miscellaneous. 

Coal  handlers  or  coal  passers  are  here  called  assistant  stoker 
operators  or  assistant  firemen,  depending  whether  the  boilers 
are  machine-  or  hand-fired. 

In  items  9  and  10  the  words  "  cleaner  "  and  "  oiler  "  are  not 
used,  as  this  work  is  usually  performed  by  diflFerent  labor  in  the 
boiler  room. 

GroupT.  C.  Engine  Room.  This  covers  the  cost  of  labor  on 
prime  movers  of  all  kinds;  including  that  portion  of  the  salaries 
of  the  assistants  to  the  mechanical  engineer  or  superintendent 
that  is  chargeable  to  the  engine  room ;  also  such  labor  as  engineers, 
turbine  operators,  wipers,  air  pumpmen,  engine  oilers,  pump 
oilers  and  miscellaneous  charges. 

Group  P.  D.  Electrical.  This  covers  the  cost  of  all  labor 
in  connection  with  the  electric  generating  apparatus,  beginning 
with  the  generators  driven  by  the  prime  movers,  and  including 
the  switchboard  and  other  auxiliary  apparatus  up  to  where  the 
electric  current  leaves  the  station;  that  portion  of  the  salaries  of 
the  assistants  to  the  electrical  engineer  or  superintendent  that  is 
chargeable  to  the  electric  generating  apparatus;  also  such 
labor  as  operators,  switchboardmen,  dynamo  tenders,  dynamo 
cleaners,  oil  switch  attendants,  storage  battery  attendants, 
wiremen  and  work  of  the  electrical  laboratory  force  charge- 
able to  the  station;  lighting  system  and  miscellaneous  charges. 

Group  P.  E.  Fuel  for  Steam.  This  covers  the  cost  of 
fuel  used  under  the  boilers,  for  generating  steam  whether  coal,  oil 
or  gas,  at  the  cost  delivered  in  the  bunkers  or  tanks;  including 
the  cost  of  fuel  and  such  labor  as  bucket  men,  conveyormen, 
coal  bolsters,  coal  trimmers,  troUeymen,  weighers  and  laborers. 
This  also  includes  dock  rental,  track  rental  and  any  special  ex- 
penses incurred  in  disposing  of  ashes.  No  portion  of  the  cost  of 
boiler  room  labor  should  be  charged  to  this  group. 

Group  P.  F.  Water  for  Steam.  This  covers  water  for  tK)ilers 
and  condensers;  tunnel  rental  for  condensing  water;  also 
chemicals  used  in  purification.  Water  for  general  station  pur- 
poses is  not  to  be  included. 
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Group  P,  G.  Lubricants."  This  covers  all  lubricants  for 
machinery  in  the  generating  station,  but  does  not  include  oil 
for  transformers,  or  oil  for  lanterns. 

Group  P.  H.  Production  Supplies.  This  covers  the  cost  of 
all  supplies  used  in  the  generating  plant  which  are  consumed  in 
the  operating  process,  the  replacement  of  which  does  not  con- 
stitute a  repair  or  renewal;  the  cost  of  repairs  of  operating  tools; 
also  such  matters  as  rags,  waste,  packing,  fire  room  tools, 
chemical  laboratory  supplies,  lamps  and  fuses.  Item  7, 
"  Miscellaneous,"  should  include  gage  glasses,  gage  washers, 
gaskets,  steam  and  air  hose;  bolts,  screws,  nails,  dynamo  brushes* 
etc. 

Group  P.  I.  Station  Expenses.  This  covers  such  matters 
as  stationery  and  printing;  also  house  water  and  telephone 
service.  Item  4  "  Miscellaneous,"  includes  heating,  cleaning 
systems,  fire  protection  system,  janitors'  supplies,  ice  water, 
toilet  service  and  care  of  streets,  yards,  sidings,  etc. 

Group  P.  J.  General.  This  covers  such  general  and  miscel- 
laneous items  that  are  chargeable  to  production  but  not  in- 
cludible in  any  particular  one  of  the  "  Production  Costs  " 
groups.  The  vehicle  service,  whether  automobile  or  horse,  can  be 
apportioned  between  **  Production  Costs  "  and  "  Production 
Repairs  Costs." 

Charge  to  this  group  all  expenditures  incident  to  injuries  to 
persons,  and  property  damaged  when  caused  directly  in  connec- 
tion with  the  production  of  electric  power,  as  enumerated  under 
the  following  heads: 

(a)  Claim  Department  Expenses.    This  includes  salaries  and 

expenses  of  claim  agents,  investigators,  adjustors,  and 
others  engaged  in  the  investigation  of  accidents  and 
adjustment  of  claims. 

(b)  Medical  Expenses.     This  includes   salaries,  fees,  and 

expenses  of  surgeons  and  doctors;  nursing,  hospital 
attendance,  medical  and  surgical  supplies;  also  other 
hospital  expenses. 

(c)  Injuries  to  Employees.    This  includes  amounts  paid  in 

settlement  of  claims  of  employees  for  injuries  arising 
in  the  course  of  their  employment;  also  wages  paid  to 
disabled  employees  while  off  duty. 
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(d)  Other  Personal  Injuries  and  Property  Damage.  This  in- 
cludes amounts  paid  in  settlement  of  claims  of  persons 
other  than  employees  for  personal  injuries  sustained 
in  connection  with  production  of  electric  power; 
also  amounts  paid  in  settlement  of  claims  for  damage 
to  property  not  owned  by  the  accounting  corporation. 
If  the  loss  is  of  such  character  that  it  is  in  whole  or 
in  part  indemnifiable  under  any  contract  of  insurance 
carried  by  the  corporation,  the  indemnifiable  portion 
of  the  loss  shall  be  credited  to  items  2  and  3  of 
Group  "  P.  J." 
To  this  group  should  also  be  charged  all  law  expenses 
in  connection  with  the  defense  or  settlement  of 
damage  claims  chargeable  to  the  power  plant,  in- 
cluding: 

1.  Salaries  and  Expenses  of  Attorneys.    A  proper 

proportion  of  the  salary  and  expenses  of  the 
general  solicitor  or  counsel,  and  salaries,  fees, 
and  expenses  of  attorneys  engaged  in  this 
work. 

2.  Court  Costs  and  Expenses.    Fees  of  court  steno- 

graphers, expenses  connected  with  taking 
depositions,  and  other  court  expenses. 

3 .  Law  Printing.    Cost  of  law  books,  and  cost  of 

printing  briefs,  court  records,  and  similar 
papers. 

The  above  accident,  damage  and  legal  expenses  are  inde- 
pendent of  the  **  General  Law  Expenses"  which  are  included  in 
Group  *'A.  D.,"  under  the  "General  and  Miscellaneous  Admin- 
istration Expenses." 

Item  4  of  Group  **  P.  J."  covers  all  pensions  paid  to  retired 
employees  of  the  power  plant,  and  expenses  in  connection  there- 
with. 

Mote:  It  is  important  that  the  expenses  of  personal  injuries, 
other  property  damages  and  pensions,  chargeable  to  the  power 
plant,  should  be  determined  independently  for  the  power  station, 
as  they  are  relatively  small  in  comparison  with  those  of  some  of 
the  other  departments.  If  any  difficulty  should  arise  in  keeping 
any  of  these  accounts,  they  may  be  estimated  as  accurately  as 
possible  for  the  purpose  of  determining  the  amount  chargeable 
to  the  power  plant. 
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When  any  of  the  operating  men  under  Groups  P.  B.,  P.  C, 
P.  D.,  and  P.  E.  are  used  for  repair  work,  that  portion  of  their 
time  should  be  charged  to  the  proper  groups  and  items  of  '*  Pro- 
duction Repairs." 

Definitions  of  Production  Repairs  Groups 

Group  R.  A.  Furnaces  and  Boilers.  This  covers  all  the 
cost  in  connection  with  repairing  boilers  and  furnaces.  This 
includes  boilers,  furnace  settings,  brick  work,  bridge  walls, 
arches,  jambs,  stokers  and  stoker  engines  or  motors,  stoker 
bars,  stoker  chains,  tuyeres,  retorts,  grate  bars,  etc.;  damper 
regidators,  tubes,  valves,  oil  atomizers,  oil  and  gas  burners  in 
furnace;  superheaters  and  smoke  stacks;  also  boiler  insurance 
and  miscellaneous  charges. 

Group  R.  B.  Boiler  Accessories.  This  covers  all  fuel 
handling  apparatus  and  auxiliary  apparatus  in  the  boiler  room. 
This  includes  economizers,  boiler  feed  pumps  and  primary  and 
secondary  heaters;  all  coal  handling  machinery  such  as,  tower 
with  foundations,  hoisting  apparatus,  elevators,  weighing  ap- 
paratus, conveyors,  crushers,  belts,  links,  brackets,  wheels, 
chutes  and  gates;  all  ash  handling  apparatus  such  as,  cars, 
conveyors,  winches,  motors,  buckets,  chains,  wheels,  hoppers 
chutes  and  gates;  also  the  fuel  oil  and  fuel  gas  handling 
apparatus  including  storage  tanks,  piping,  pumps,  heaters 
filters  and  meters.  The  miscellaneous  item  includes  blower 
engines  or  motors,  injectors  and  pumps  for  chemical  purification; 
also  water  meters,  etc. 

Group  R.  C.  Engines.  This  includes  all  the  cost  of  repairing 
prime  movers,  such  as  reciprocating  engines,  low-pressure  tur- 
bines, high-pressure  turbines  and  steam-driven  exciters. 

Group  R.  D.  Engine  Accessories.  This  covers  the  cost  of 
repairing  accessories  to  the  prime  movers,  including  such  matters 
as  barometric  condensers,  jet  condensers,  surface  condensers, 
packing  tubes,  renewing  tubes,  heads  and  doors,  cooling  tower; 
also  air,  circulating,  vacuum  and  hot  well  pumps. 

Group  R.  E.  Piping.  This  covers  the  cost  of  repairing  the 
piping  system  in  connection  with  the  making  of  steam  and 
delivery  thereof  to  the  prime  movers;  including  such  matters 
as  main  steam  piping,  auxiliary  steam,  exhaust  steam,  hot  water, 
cold  water,  blow  off,  traps,  oil  system  and  air  system.  House 
water  piping  is  charged  to  Group  "  R.  I." 
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Group  R.  F.  Electric  Generators.  This  includes  the  cost 
of  repairing  engine  or  turbine  driven  electric  generators;  also 
motor  and  steam  driven  exciters. 

Group  R.  G.  Electrical  Accessories.  This  covers  the  cost 
of  repairing  the  electrical  accessories  not  included  in  Group 
"  R.  F."  This  includes  oil  switches  and  equipment,  switch- 
boards and  equipment,  such  as  circuit  breakers,  switches,  instru- 
ments, bus-bars,  transformers,  reactive  and  resistance  coils; 
also  storage  batteries  for  exciter  and  control  with  their 
auxiliary  apparatus;  synchronous  converters,  motor-generators, 
signal  system  and  the  expenses  of  the  electrical  laboratory  force 
chargeable  to  "  Production  Repairs." 

Group  R.  H.  Tools.  This  covers  the  cost  of  repairing 
station  tools  and  implements  that  have  been  capitalized  (except 
fire  room  tools  provided  for  under  Group  "  P.  H.").  Among 
the  principal  items  in  this  group  are  blacksmiths',  machinists*, 
pipe  fitters*  tools,  pump  room  tools,  engine  tools  and  cutting 
tools;   also  cranes,  hoists,  etc. 

Group  R.  I.  Building.  This  covers  the  cost  of  repairs  of 
buildings  and  structures  used  for  power  station  purposes  (except 
the  coal  tower  which  is  provided  for  under  Group  "  R.  B.")- 
Item  No.  1  "  Building  "  includes  the  cost  of  repairs  to  the  build- 
ing proper,  foundations,  fixtures  therein,  maintaining  walks, 
driveways,  and  ground  connected  with  building.  In  addition 
to  the  building  this  group  should  include  elevators,  lighting 
(except  lamps  and  fuses) ;  also  heating,  ventilating,  house  water 
piping,  etc. 

Group  R.  J.  General.  This  should  cover  such  general  and 
miscellaneous  items  that  are  chargeable  to  **  Production  Re- 
pairs "  but  not  includible  in  any  particular  one  of  the  "Produc- 
tion Repairs  "  groups.  The  vehicle  service  whether  automobile 
or  horse  can  be  apportioned  between  "  Production  "  and  "  Pro- 
duction Repairs.'* 

Personal  injuries  and  other  property  damage  includes  all  the 
items  mentioned  under  Group  "  P.  J.  **  providing  they  are  caused 
directly  in  connection  with  "  Production  Repairs."  In  cases 
where  the  distribution  of  any  of  the  accounts  cannot  be  defi- 
nitely determined,  apportion  them  on  the  basis  of  one-half  to 
**  Production  "  and  one-half  to  **  Production  Repairs." 

Note:     Men  assigned  to  the  power  station  such  as,  foreman 
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of  engine  room  repairs,  machinist  foremen,  machinists,  armature 
repairers,  masons,  painters,  carpenters,  blacksmiths,  toolmen, 
steam  fitters,  pipe  coverers,  crane  operators,  riggers,  laborers, 
etc.  are  often  used  for  repairs  to  parts  of  the  system  other  than 
the  power  station.  In  this  case  only  that  portion  of  the  ex- 
penses chargeable  to  the  power  station  should  be  included  in 
the  proper  groups  and  items  of  **  Production  Repairs." 

II.    Investment  Costs 
That  portion  of  the  Total  Cost  of  Power  which  comes  under  the 
heading  of  *'  Investment  Costs,*'  is  for  convenience  divided  into 
the  following  groups: 

Cost,  cents  per  kw-hr. 
Group  net  output 

I.  A.     Interest 

I.  B.     Taxes 

I.  C.     Insurance 

I.  D.    Amortization  Fund 

I.  E.     Miscellaneou 

Total: 

Definitions  of  Investment  Groups 

Group  I.  A.  Interest.  This  covers  interest  on  all  capital 
invested  in  the  power  plant  including  land,  buildings  and  equip- 
ment. The  amount  of  interest  chargeable  to  the  power  plant 
should  be  readjusted  when  necessitated  by  such  changes  as 
additions,  betterments,  withdrawals,  etc. 

Group  I.  B.  Taxes.  This  includes  all  taxes  in  connection 
with  and  chargeable  to  the  power  plant,  including  land,  building 
and  equipment.  State  franchise  tax,  revenue  tax,  etc.,  should 
be  apportioned  on  the  same  basis  as  the  **  General  and  Miscellan- 
eous Administration  Expenses,*'  explained  under  section  III. 
The  amotmt  of  taxes  charged  to  the  power  plant  should  also 
be  readjusted  at  suitable  periods. 

Group  I.  C.  Insurance.  This-  covers  all  fire,  casualty, 
and  other  insurance  that  is  strictly  chargeable  to  the  total 
operating  cost  of  the  power  plant.  Boiler  insurance  is  in- 
cluded in  group  *'  R.  K."  under  '*  Production  Repairs." 

Amortization  Fund. 
Group  I.  D.     In  order  to  define  clearly  what  is  meant  here 
by  "  Amortization  Fund  "  it  may  be  helpful  to  give  a  brief 
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discussion  of  depreciation  to  such  extent  as  may  be  necessary 
to  determine  its  general  relation  to  the  operating  costs  of 
steam-driven  power  plants. 

Depreciation  may  be  divided  into  two  general  classes:  (1) 
physical  depreciation,  (2)  functional  depreciation. 

Physical  depreciation  is  the  result  of  deterioration  due  to 
wear  and  tear  caused  by  regular  use,  decay  and  the  action  of  the 
elements.  This  class  of  depreciation  should  be  taken  care  of  by 
maintenance  and  repairs  and  everything  charged  directly  to  the 
various  groups  under  "  Production  Repairs,"  necessary  to  keep 
the  plant  at  100  per  cent  efficiency.  With  this  method  of  keeping 
accounts  the  word  "  depreciation  ''  due  to  wear  and  tear,  dis- 
appears. 

Functional  depreciation  is  the  result  of  lack  of  adaptation  to 
function,  caused  by  obsolescence  and  inadequacy.  Obsolescence 
is  due  to  changes  or  advances  in  the  art  which  renders  a  piece 
of  apparatus,  or  a  whole  class  of  it,  obsolete  and  uneconomical 
of  use,  as  compared  with  new  types  which  have  been  developed 
at  a  later  date  and  which  are  much  more  efficient.  It  is  probable 
that  an  expensive  machine  which  is  in  good  working  order  may 
become  obsolete  and  require  replacement  well  within  its  expecta- 
tion of  life. 

Inadequacy  results  from  changed  conditions,  growth  or 
decline  of  business,  rendering  the  apparatus  or  property  inade- 
quate for  its  purpose,  and  necessitating  the  installation  of 
machinery  capable  of  better  meeting  the  requirements. 

This  class  of  depreciation  cannot  be  prevented  by  maintenance, 
or  offset  by  repairs,  but  can  only  be  taken  care  of  by  complete 
replacement,  and  should  therefore  be  provided  for  by  means  of  a 
renewal,  reserve  fund  or  "  Amortization  Fund  '*,  the  term  by 
which  it  is  designated  in  this  paper.  With  the  '*  Amortization 
Fund  "  an  arbitrary  percentage  should  be  set  aside  and  that 
percentage  corrected,  if  necessary  periodically,  so  that  when  the 
apparatus  is  condemned  on  account  of  obsolescence  or  inade- 
quacy, there  will  be  a  fund  which  will  meet  the  expenses. 

It  is  a  difficult  matter  to  predict  in  advance  the  length  of  time 
that  a  piece  of  apparatus  or  an  entire  plant  may  remain  in  good 
serviceable  condition  before  it  becomes  ineffective,  and  for  this 
reason  the  amount  originally  estimated  to  be  set  aside  periodic- 
ally should  be  taken  up  for  revision,  say,  every  five  or  ten  years, 
and  an  adjustment  should  be  made  by  increasing  or  diminishing 
the  allowance  as  the  circumstances  may  require. 
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The  amount  estimated  to  be  set  aside  is  to  be  charged  to 
operating  expenses  as  covered  by  group  **  I.  D.'^  (Amortization 
Fund)  under  "  Investment. Costs/'  and  the  money  so  charged  to 
be  taken  and  invested  at  compound  interest  so  that  the  accumu- 
lated amount  will  equal  the  original  cost  less  scrap  value  at  the 
end  of  the  assumed  life.  Under  the  *'  Amortization  Fund  '* 
method  the  existing  fund  is  always  less  than  it  would  be  under 
the  straight  line  method. 

There  are  two  ways  in  which  the  "  Amortization  Fund  "  can 
be  invested :  first,  in  securities  with  a  regular  market  value  and  thus 
saleable  at  any  time  and  in  which  case  there  would  be  a  nominal 
rate  of  interest;  second,  this  fund  can  be  invested  in  the  com- 
pany's own  business,  provided  it  be  left  in  such  a  way  as  will 
render  it  readily  available  when  needed;  in  this  case  a  higher 
rate  of  interest  may  be  expected.  The  objection  to  the 
first  scheme  is  that  the  company  borrows  money  at  a  high  rate 
of  interest  and  loans  it  at  a  low  rate  of  interest.  However, 
it  is  not  within  the  scope  of  this  paper  to  discuss  the  nature  of 
investment,  but  to  recommend  that  a  fund  be  provided  to  cover 
the  expenses  when  it  is  necessary  to  scrap  old  apparatus  and 
replace  with  new. 

The  expense  of  all  replacements  or  renewals  which  do  not  have 
any  substantial  increase  in  capacity  over  the  equipment  or 
apparatus  for  which  they  were  substituted,  is  to  be  covered  by 
the  "  Amortization  Fund."  Where  a  substitute  has  a  substan- 
tially greater  capacity  than  that  for  which  it  is  substituted,  the 
cost  of  substitution  of  one  of  the  same  capacity  as  the  apparatus 
replaced  should  be  taken  care  of  by  the  "  Amortization  Fund," 
and  the  remaining  portion  of  the  cost  of  the  actual  substitute 
shovild  be  charged  to  capital  account. 

To  establish  the  amount  to  be  set  aside  annually  for  ap- 
paratus or  power  plant,  it  will  be  necessary  first,  to  determine 
the  original  cost,  scrap  value,  estimated  life  and  rate  of  in- 
terest to  be  received. 

Cost  of  Apparatus  or  Power  Plant,  Where  the  ''  Amortization 
Fund  "  is  started  at  the  beginning  of  the  plant's  service,  the 
original  cost  less  the  estimated  scrap  value  should  be  used  as  the 
basis  upon  which  to  determine  the  rate.  Where  the  account 
is  not  started  for  some  years  after  the  plant  is  put  into 
operation,  the  value  used  should  be  the  original  cost  less  scrap 
value  less  the  amount  that  would  be  existing  in  the  invested 
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fund  at  that  time  if  there  had  been  an  **  Amortization  Fund  " 
started  at  the  beginning  of  the  plant's  service. 

Scrap  Value.  By  scrap  value  is  meant  the  fair  market  price 
of  old  apparatus  after  deducting  the  cost  of  removal.  It  is  a 
difficult  matter  to  anticipate  just  what  the  scrap  value  will  be  as 
with  nearly  all  equipment,  it  depends  upon  its  condition  when  it 
becomes  obsolete  or  inadequate.  If  the  apparatus  is  still  service- 
able a  higher  price  than  scrap  value  may  be  obtainable,  and  its 
worth  in  this  case  is  characterized  as  **  Salvage  Value."  For  the 
purpose  of  determining  the  amortization  fund  rate,  we  will 
consider  only  the  scrap  value  and  assume  the  approximate 
values  in  percentage  of  the  original  cost  as  indicated  in  the  Life 
Expectancy  Table  that  follows. 

Estimated  Life  of  Apparatus.  How  long  apparatus  or  equip- 
ment will  remain  in  service  before  it  becomes  obsolete,  inadequate 
or  ineffective,  is  purely  a  speculative  matter.  Past  experience, 
knowledge  of  the  art  and  careful  judgment  are  the  only  factors 
available  for  arriving  at  the  probable  life  of  apparatus  and 
property.  For  this  reason  the  Amortization  Fund  rate  should 
be  adjusted  periodically  as  the  life  of  some  apparatus  may  be 
longer  and  some  shorter  than  anticipated. 

The  following  "  Life  Expectancy  Table  "  we  believe  gives 
fairly  representative  figures  of  what  may  be  expected  in  first- 
class  steam-driven  power  plants  of  to-day. 

TABLE  I— LIFE  EXPECTANCY  TABLE 
Property 


Buildings 

Boilers,  stokers  and  furnaces 

Conveyers,  elevators  and  hoists 

Turbines,  complete 

Engines  and  condensers 

Piping,  values  and  traps 

Pumps 

Synchronous     converters,     transformers     and 

exciters,  etc 

Switching  apparatus  and  instruments 

Alternators 

Motors 

Tools  and  sundries 

Storage  batteries 


Total  life 

Scrap  value. 

(years) 

percent 

of  original  cost 

75 

6 

20 

5 

20 

1 

12 

10 

12 

10 

12 

3 

12 

5 

20 

10 

12 

5 

12 

10 

20 

10 

10 

3 

10 

10 

Interest  on  Invested  Fund.    The  rate  of  interest  that  will  be 
received  on  the  money  set  aside  for  renewals  under  the  'VAmorti- 
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zation  Fund  "  will  depend  upon  where  and  how  the  fund  is 
invested. 

The  following  illustration  will  demonstrate  how  the  amount  to 
be  set  aside  annually  at  compound  interest  for  the  "  Amortization 
Fund  "  can  be  determined  for  a  new  Steam-Driven  Turbine 
Power  Plant  costing  $75  per  kilowatt  economical  rating  includ- 
ing the  building  and  equipment  complete.  Land  generally  ap- 
preciates and  therefore  is  not  considered  in  this  illustration. 

The  first  operation  will  be  to  ascertain  the  original  cost  of 
each  principal  item  as  given  in  the  **Life  Expectancy  Table",  the 
sum  of  which  must  be  equal  to  the  total  original  cost  of  the  plant, 
and  then  deduct  the  scrap  value  to  obtain  the  cost  on  which  to 
base  the  "  Amortization  Fund."  The  annual  amount  to  be 
charged  to  the  "  Amortization  Fund  "  for  each  item  and  to  be 
set  aside  at  4  per  cent  compound  interest  which  will  accumulate 
a  sum  equal  to  the  original  cost  less  the  scrap  value  at  the  end 
of  the  expected  life,  can  be  computed  from  standard  annuity 
tables. 

The  costs  per  kilowatt  economical  rating  of  the  various  ele- 
ments entering  into  the  power  plant  as  given  in  Table  II,  are 
only  approximate  for  steam  turbine  plants  having  a  capacity 
of  25,000  kw.  or  more. 


TABLE  II 


Property 

Original  cost 

per  kilowatt 

economic 

rating 

Total  original 
cost  of  25.000- 
kilowatt  plant 

Total  original 
cost  less  scrap 
value  of  25.000- 
kilowatt  plant 

Annual  charge 
to  •*  Amortiza- 
tion Fund" 

Building 

$20.00 

21.00 

4.50 

10.00 

4.25 

4.50 
0.75 

3  00 

3.80 
0.20 
3.00 

$500,000 

525.000 

112.500 
250.000 
106.250 

112.500 
18.750 

75.000 

95,000 

5.000 

75.000 

$475,000 

498.750 

111.375 

225.000 

95.625 

109.125 
17.813 

67..'500 

90.250 

4.500 

72.125 

$1,059 

16.750 

3.741 
14.970 
6.408 

7.265 
1.186 

2.268 

6.006 

151 

6.938 

Boilers,    stokers    and 
ftinuices 

Conveyors,     elevators 
and  hoists 

Turbines,  complete. . . 
Condensers 

Piping,     valves     and 

^An« 

PumDS. 

Synchronotts  oonvert- 
tcrs.     transformers, 
ezdters.  etc 

Switchboard    appara- 
tus and  instruments 

Motors 

Tools  and  sundries — 

$75.00 

$1,875,000 

$1,748,188 

$65,742 
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It  will  be  seen  from  Table  II  that  when  the  scrap  value  is 
deducted  $1,748,188  or  93.2  per  cent  of  the  original  cost  of  the 
plant  including  building  and  complete  equipment,  remains  to 
be  covered  by  the  "  Amortization  Fund;"  27.2  per  cent  of  the 
$1,748,188  represents  the  building  and  72.8  per  cent  the  equip- 
ment. 

The  amount  to  be  set  aside  annually  is,  $1,059  for  the  building 
and  $64,683  for  the  equipment  or  $65,742  for  the  entire  plant, 
which  is  equivalent  to  0.223  per  cent  of  the  total  original  cost 
of  the  building  less  scrap  value  and  5.08  per  cent  of  the  total 
original  cost  of  the  equipment  less  scrap  value  or  3 .  76  per  cent 
of  the  total  original  cost  of  building  and  equipment  less  scrap 
values  respectively. 

In  case  an  *'  Amortization  Fund  "  has  not  been  maintained 
at  all  for  a  large  part  of  the  plants'  life  and  it  is  desired  to  provide 
for  a  portion  of  the  equipment  and  building  during  the  remaining 
life,  the  operation  will  be  the  same  as  described  above  with  the 
exception  that  it  will  be  necessary  to  determine  the  value  as 
stated  under  the  heading  "  Cost  of  Apparatus  or  Power  Plant," 
and  estimate  the  remaining  life. 

The  average  weighted  life  of  the  equipment  complete,  con- 
sidered as  a  whole,  is  obtained  by  multiplying  the  assumed  life 
in  years  of  each  item  by  the  cost  of  the  item  and  dividing  the 
sum  by  the  total  cost  of  all  the  equipment.  The  average  weighted 
life  in  this  illustration  is  approximately  16  years. 

Readjustment  of  Amortization  Fund.  The  percentage  or 
amount  that  is  annually  set  aside  for  the  **  Amortization  Fund  " 
should  be  periodically  readjusted  to  correct  for  the  possible 
change  in  assumed  life,  increase  or  decrease  in  cost  due  to 
additions,  replacements  or  renewals  and  withdrawals. 

If  after  a  plant  has  been  in  operation  for  five  years  it  is  found 
that  the  estimated  life  of  certain  portions  of  the  equipment  is 
longer  and  other  portions  shorter  than  was  anticipated,  the 
"  Amortization  Fund  "  can  be  readjusted  as  follows: 

Establish  a  new  **  Life  Expectancy  Table  "  and  obtain  the 
remaining  life  of  each  item  upon  which  the  revised  annual 
charge  is  to  be  based.  Determine  the  cost  of  each  item  for  cal- 
culating the  revised  percentage  to  be  set  aside,  by  deducting 
from  the  **  Total  Original  Cost  Less  Scrap  Value  "  given  in 
Table  II,  the  amount  of  the  **  Amortization  Fund  "  at  the 
end  of  5  years  plus  the  compound  interest  on  this  amount  at 
4  per   cent   for   a   period   equal   to   the   remaining   life.     The 
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"  Revised  Annual  Charge  to  the  Amortization  Fund  *'  can  be 
then  computed  from  annuity  tables  as  in  the  previous  illustra- 
tion. 


TABLE  III— LIPEIeXPECTANCY  TABLE 


Property 


Estimated  total  life  in  years 


Original 


Revised 


Revised 
remaining  life 
after  5  years 


Building 

Boilers,  stokers  and  furnaces 

Conveyors,  elevators  and  hoists 

Turbines,  complete 

Condensers 

Piping,  valves  and  traps 

Pumps 

Synchronous  .converters,  transformers, 

exciters,  etc 

Switchboard  apparatus  and  instruments 

Motors 

Tools  and  sundries 


75 
20 
20 
12 
12 
12 
12 

20 
12 
20 
10 


75 
18 
15 
10 
10 
10 
10 

22 
14 

15 
12 


70 
13 
10 
5 
5 
5 
5 

17 
9 

10 
7 


The  average  weighted  life  of  the  equipment  taken  as  a  whole 
on  the  basis  of  the- revised  "  Life  Expectancy  Table  **  is  14.5 
years,  whereas  with  the  originally  estimated  life  it  is  16  years. 


TABLE  IV 


Property 


Building 

Boilers,  stokers  and  furnaces 

Conveyors,  elevators  and  hoists 

Turbines,  complete 

Condensers 

Piping,  valves  and  traps 

Pumps - 

Synchronous  converters,  transformers, 

Exciters,  etc 

Switchboard  apparatus  and  instrument 

Motors 

Tools  and  sundries 


Total  original 

cost  less  scrap 

value  of  25,000 

kilowatt 

plant 


Original  cost 

less  «crap  value. 

A.  P.  amount 

for  5  years,  and 

interest  of 
amount  for  re- 
maining life 


$475,000 
498.750 
111.375 
225.000 
95,625 
109,125 
17.813 

67.500 

90.250 

4.500 

71.250 

Sl.748.188 


$385,663 
347.750 
81.385 
126.340 
53.410 
61,275 
10.002 

43.580 
43.930 
I  3.289 
28.910 

$1,185,534 


Revised  annual 

cnarge  to 

Amortization 

Pund 


$1,069 
20.915 

6.782 
23.320 

9.870 
11.320 

1.847 

1.839 
4.150 
I  274 
3.660 

$85,033 
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Prom  the  above  table  it  will  be  seen  that  the  amount  to  be 
set  aside  annually  is  $1,059  for  the. building  and  $83,977  for 
the  equipment  or  $85,036  for  the  entire  plant.  The  percentage 
that  is  to  be  set  aside  after  5  years  is  4 .  86  per  cent  of  the  total 
original  cost  of  the  building  and  eqmpment  less  scrap  value, 
which  is  an  increase  of  approximately  29.5  per  cent  over  that 
originally  estimated. 

In  a  similar  way  the  **  Amortization  Fund  '*  should  be  read- 
justed when  additional  equipment  is  installed,  old  apparatus 
renewed,  replaced  or  withdrawn. 

Group  I.  E.  Miscellaneous.  Charge  to  this  group  that 
portion  of  other  investment  costs  chargeable  to  the  "  Total 
Cost  of  Power  *'  and  not  specifically  covered  by  any  of  the  above 
groups. 

Annual  expenses  of  franchises  and  other  intangible  capi- 
tal not  specifically  a  departmental  charge  is  to  be  apportioned 
as  explained  in  Section  III,  **  General  and  Miscellaneous  Admin- 
istration Expenses." 

III.  General  and  Miscellaneous  Administration  Expenses. 

The  "  General  and  Miscellaneous  Administration  Expenses  " 
are  chargeable  to  all  departments  and  to  make  an  equitable 
distribution  of  these  expenses  it  is  proposed  to  deduct  the  charges 
that  are  clearly  departmental  charges,  such  as,  boiler  insurance, 
casualty  insurance,  other  insurance,  personal  injuries,  damage 
to  other  property,  pensions  etc.,  and  to  apportion  the  remainder 
on  the  basis  of  the  percentage  of  the  departmental  costs  (exclu- 
sive of  the  General  and  Miscellaneous  Administration  Expenses 
and  Investment  Costs)  to  the  total  '*  Running  Expenses  "  of  the 
corporation. 

Por  illustration,  the  portion  of  "  General  and  Miscellaneous 
Administration  Expenses  '*  chargeable  to  the  power  plant  in 
percentage,  is, 

Total  production  costs  plus  total  production  repairs  costs       --^ 
Total  running  expenses  of  the  corporation 

After  this  percentage  is  determined,  the  amounts  chargeable 
to  the  power  plant  and  covered  by  the  groups  under  "  General 
and  Miscellaneous  Administration  Expenses,"  can  be  obtained 
and  the  cost  per  kw-hr.  net  output  calculated. 
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GENERAL  AND  MISCELLANEOUS  ADMINISTRATION  EXPENSES. 

Cost,  cents  per  kw-hr. 
Group  net  output 

A.  A.    Salaries  and  Expenses  of  General 

Officers 

A.  B.    Salaries  and  Expenses  of  General 

Office  Clerks 

A.  C.    General      Office      Supplies      and 


A.  D.   General  Law  Expense 

A.  E.    Relief  Department 

A.  P.    General  Stationery  and  Printing . . 

A.  G.    Store  Expenses 

A.  H.    Miscellaneous  General  Expenses. , 
Total: 

Definitions  of  General  and  Miscellaneous  Administration  Groups 
Group  A.  A.  Salaries  and  Expenses  of  General  Officers. 
This  includes  the  salaries,  traveling  and  incidental  expenses 
of  the  directors,  president,  vice-president,  treasurer,  secretary, 
comptroller,  general  auditor,  general  manager,  assistant  general 
manager,  chief  engineer,  general  superintendent,  purchasing 
agent,  and  all  other  officers  whose  jurisdiction  extends  to  the 
entire  system  and  whose  services  cannot  be  satisfactorily  allo- 
cated to  the  several  departments. 

Group  A.  B.  Salaries  and  Expenses  of  General  Office 
Clerks.  This  includes  the  salaries  and  traveling  and  incidental 
expenses  of  general  office  auditors,  bookkeepers,  cashiers,  pay- 
masters, stenographers,  clerks  employed  in  counting  cash,  and 
all  other  clerks  employed  in  the  general  office. 

Salaries  and  expenses  of  clerks  in  the  commercial  department 
are  not  to  be  charged  to  this  group. 

Group  A.  C.  General  Office  Supplies  and  Expenses. 
This  covers  the  cost  of  office  supplies,  repairs  of  office  fiuTiiture, 
and  renewals  of  such  furniture  as  has  not  been  capitalized; 
wages  of  janitors,  porters,  and  messengers;  rent  of  rooms  in 
office  buildings,  repairs  of  such  rented  rooms,  and  all  other 
miscellaneous  expenses  of  general  offices.  Office  expenses  of 
departmental  officers  must  be  charged  to  the  proper  departmental 
accounts. 

Group  A.  D.  General  Law  Expenses.  This  covers  all 
law  expenses  except  those  incurred  in  the  defense  and  settle- 
ment of  damage  claims,  chargeable  to  the  power  plant  amL^Tp 
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covered  by  Groups  ''  P.  J."  and  "  R.  T."  and  those  chargeable 
to  other  departments.  This  includes  salaries  and  expenses  of 
all  counsel,  solicitors  and  attorneys,  their  clerks  and  attendants, 
and  expenses  of  their  offices;  cost  of  law  books,  printing;  briefs, 
legal  forms,  testimony,  reports,  etc.;  fees  and  retainers  for 
services  of  attorneys  not  regular  employees;  court  costs  and 
payments  of  special,  notarial  and  witness  fees  not  provided  for 
elsewhere;  expenses  connected  with  taking  depositions  and  all 
law  and  court  expenses  not  provided  for  elsewhere. 

Group  A.  E.  Relief  Department.  This  covers  all  salaries 
and  expenses  incurred  in  connection  with  conducting  a  relief 
department;   also  contributions  made  to  such  department. 

Note.  All  pensions  paid  to  retired  employees,  and  expenses 
in  connection  therewith  are  charged  directly  to  the  department 
and  in  case  of  the  power  plant,  it  is  covered  by  item  4  under 
Group  "  P.  J."  of  *'  Production  Costs." 

Group  A.  F.  General  Stationery  and  Printing.  This 
includes  all  expenses  for  stationery  and  printing,  stationery 
supplies  and  postage  except  as  hereinafter  provided: 

The  cost  of  printing  briefs  and  other  legal  papers  shall  be 
charged  to  Group  "  A.  D.,"  "  General  Law  Expenses,"  or 
Groups  **  P.  J."  and  "  R.  T."  in  accordance  with  the  piupose 
of  the  printing. 

The  cost  of  printing  signs,  posters,  and  other  advertising 
matter  shall  not  be  charged  to  this  group,  as  no  portion  of  such 
expenses  are  chargeable  to  the  power  plant. 

The  cost  of  such  mechanical  calcvilators,  typewriters,  duplicat- 
ing machines  and  other  office  appliances  as  are  not  properly 
capitalized,  shall,  if  for  use  in  general  offices,  be  charged  to 
Group  "  A.  C,"  "  General  Office  Supplies  and  Expenses." 
If  these  appliances' are  for  use  of  departmental  offices,  they  should 
not  be  charged  to  this  group,  but  to  departmental  accounts. 

Group  A.  G.  Store  Expenses.  Charge  to  this  group  all 
salaries  and  expenses  in  connection  with  store-rooms,  including 
cost  of  sending  material  and  supplies  from  general  store-rooms 
to  branch  store-rooms,  and  the  collection  of  scrap  naaterial. 

Group  A.  H.  Miscellaneous  General  Expenses.  This 
covers  the  cost  of  telephone  service,  telegrams,  and  all  other 
miscellaneous  expenses  not  specifically  covered  by  any  one  of  the 
"  General  and  Miscellaneous  Administration  Expenses  "  groups. 
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IV.  Total  Cost  op  Power 
The  total  cost  of  power  as  covered  by  this  section  is  conven- 
iently divided  into  two  distinct  parts  and  includes  all  the  costs 
chargeable  to  the  power  plant  and  that  have  to  do  with  the  pro- 
duction of  power,  but  does  not  include  any  portion  of  the  trans- 
mission, distribution,  utilization  or  commercial  expenses.  First, 
for  comparative  purposes  and  for  a  study  of  plant  economics 
the  total  cost  of  power  should  consist  of  production  costs  plus 
production  repairs  costs  plus  investment  costs.  Second,  for 
the  purpose  of  exchanging  or  selling  power  or  for  a  study  of 
independent  plants  with  a  view  of  combination,  the  total  cost 
of  power  should  include  production  costs  plus  production  repairs 
costs  plus  investment  costs  plus  General  and  Miscellaneous 
Administration  Expenses. 

Costs,  cents  per  kw-hr. 
Sections  net  output 


I.     Production  Cost 

I.    Production  Repairs  Cost 

II.    Investment  Cost 

Total  Cost  of  Sections  I  and  II. 

III.     General  and  Miscellaneous  Admin- 
istration Expenses 

Total  Cost  of  Sections  I,  II,  and  III 

V.  Analysis  of  Production  and  Production  Repairs  Costs 

AND  Data 

lUm 

1 .  Cost  of  Production  plus  Production  Repairs  in  cents  per  kw-hi .  net  output . . . 

2.  Percentage  of  fuel  cost  to  the  cost  of  Production  plus  Production  Repairs.. . . 

3 .  Percentage  of  labor  cost  of  Production  and  Production  Repairs  to  total]oost  of 

Production  and  Production  Repairs 

4 .  Percentage  of  fuel  cost  to  labor  cost  of  Production  and  Production  Repairs . . 

5.  Percentage    of  cost   of  Production  ard  Production  Repairs  used  for  repair 

materials,  supplies  etc.  (100 — items  2  and  3) 

6.  Percentage  of  total  Production  cost  to  total  cost  of  Production  and  Production 

Pepairs 

7 .  Percentage  of  total  cost  of  Production  Repairs  to  total  cost  of  Production  and 

Production  Repairs 

8.  Percentage  of  total  cost  of  Production  Repairs  to  total  cost  of  Production.  . . 

9 .  Average  daily  wages  per  man 

10.  Kilowatt  hours  net  output  per  man 

11 .  Cost  of  feed  water  per  1000  cubic  leet  (28.32  cubic  meters) 

12 .  Boiler  feed  water  purchase<f  per  kw-hr.  net  output,  pounds  (kilograms) 

13.  Cost  of  handling  coal  per  ton  (2240  lb.)  (1016  kg.) 
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Coal  per  ton  (2240  lb.)  (1016  kg.) 
14.   Average  cost     \  Fuel  oil  per  barrel  (42  U.  S.  gallons    (1 .59  hectoliters)  .... 
Fuel  gas  per  1000  cubic  feet  (28.32  cu.  meters) 

r  Coal  per  ib.  (0.4534  kg.)  (moist,  as  received) 

16.   Average  B.t.u.  Oarge  calories)    {   Fuel  oil  per  pound  (0.4534  kg.) 

V  Fuel  gas  per  cubic  foot  (0.028  cu.  meter) 
r  Coal 

16 .  Average  B.t.u.  (large  calories)  per  dollar   <   Fuel  oil 

I  Fuel  gM. 

r  Coal 

17 .  B.t.u.  (large  calories)  supplied  per  kw-hr.  net  output   <  Fuel  oil 

\  Fuel  gas 

18.  Coal  factor  —  coal  per  kw-hr.  net  output  (pounds)  (kilograms) 

19.  Fuel  oil  per  kw-hr.  net  output  (pounds)  (kilograms) 

20.  Fuel  gas  per  kw-hr.  net  output  (cubic  feet)  (cu.  meters) 

r  Coal  per  ton  (2240  lb.)  (1016  kg.) 

21 .  Kw-hr.  net  output     <   Fuel  oil  per  barrel  (42  U.  S.  gallons)  (1 .59  hectoliters) 

I  Fuel  gas  per  (1000  cu.  ft.)  (28.32  cu.  meters) 

22 .  Kind  and  sLse  of  coal 

23 .  Kind  of  fuel  oil  and  sp.gr 

24.  Kind  of  fuel  gas 

25.  Average  percentage  of  ash  in  coal  as  received 

26.  Average  B.t.u.  (large  calories)  per  pound  (0.4534  kg.)  of  refuse  from  coal 

27 .  Net  thermal  efficiency  of  plant  in  per  cent 

Total  kilowatt  hours  net  output  X  3415 
Average  B.t.u.  per  ton  X  tons  of  coal  used 


28.  Load  factor  of  load 

29.  Figure  of  merit  (for  coal) 

B.  t.u.  per  ton       /2240  X  %  ash  ^     ,      ,        \ 

_  (Moiat)  "  V  100  X  ^•^•^-  ^  P^"»^  ^^  ^'^"»^  ) 

Price  per  ton  (2240  lb.)  (S) 

Large  calorics  _  /1016  kg.  X  %  ash       large  calorics  per  kg.\ 
per  1016  kg.  l^  joo  o^  refuse  ) 

"  Price  per  1016  kg.  (S) 

Discussion  of  Analysis  of  Production  and  Production  Repairs 

Costs  and  Data 
Item  1.  This  figure  is  determined  by  dividing  the  total 
Production  and  Production  Repairs  costs  by  the  total  kilowatt- 
hours  net  output  for  the  period.  By  net  output  is  meant  the 
power  that  leaves  the  generating  station  for  distribution.  The 
total  cost  of  Production  and  Production  Repairs  per  kilowatt- 
hour  as  obtained  from  summary  under  Section  I,  will  give 
the  same  result. 

Item  2.  This  figure  is  obtained  by  dividing  the  total  cost  of 
fuel  by  the  total  cost  of  Production  and  Production  Repairs 
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and  multiplying  by  100,  or  by  dividing  the  cost  of  material  only 
in  Group  "  P.  E.,"  by  the  cost  of  Production  plus  Production 
Repairs  per  kilowatt-hour  as  obtained  from  the  sunMnary  under 
Section  I  and  mviltiplying  by  100. 

Item  3.  Divide  the  total  cost  of  labor  of  Production  and 
Production  Repairs  by  the  total  cost  of  Production  and  Pro- 
duction Repairs  and  multiply  by  100,  or  divide  the  cost  of 
labor  per  kilowatt-hour  in  all  the  groups  by  the  total  cost  per 
kilowatt-hoiu*  given  in  the  summary  of  Section  I  and  multiply 
by  100. 

Item  4.  Divide  the  total  cost  of  fuel  by  the  total  cost  of 
labor  of  Production  and  Production  Repairs  and  multiply  by 
100,  or  divide  the  cost  of  material  only,  in  Group  **  P.  E.,"  by  the 
total  cost  of  labor  per  kilowatt-hour  in  all  the  groups  as  obtained 
from  summary  of  Section  I,  and  multiply  by  100. 

Item  5.  Determine  this  figure  by  subtracting  the  percentages 
obtained  in  Items  2  and  3  from  100. 

Item  6.  Divide  the  total  cost  of  Production  by  the  total 
cost  of  Production  and  Production  Repairs  and  multiply  by 
100,  or  divide  the  total  cost  of  Production  per  kilowatt-hour  by 
the  total  cost  of  Production  and  Production  Repairs  per  kilowatt- 
hour  and  multiply  by  100. 

Item  7 .  Obtain  this  figure  by  dividing  the  total  cost  of  Pro- 
duction Repairs  by  the  total  cost  of  Production  and  Production 
Repairs  and  multiplying  by  100,  or  divide  the  total  cost  of 
Production  Repairs  per  kilowatt-hour  by  the  total  cost  of  Pro- 
duction and  Production  Repairs  per  kilowatt-hour  and  multiply 
by  100. 

Item.  8.  Divide  the  total  cost  of  Production  Repairs  by  the 
total  cost  of  Production  and  multiply  by  100,  or  divide  the  total 
cost  of  Production  Repairs  per  kilowatt-hour  by  the  total  cost 
of  Production  per  kilowatt-hour  and  multiply  by  100. 

Item  9.  Obtain  this  figure  by  dividing  the  total  daily  cost 
of  all  labor  by  the  total  number  of  men  included  in  all  the 
"  Production  '*  and  **  Production  Repair  "  groups  with  the 
exception  of  Group  "  P.  A."  The  "  Average  Daily  Wages  per 
Man  "  is  materially  affected  by  local  conditions  and  this  should 
be  taken  into  consideration  when  comparing  power  costs. 
The  "  Reduction  Factor  "  to  be  used  in  this  case  is  the  ratio  of 
the  lower  to  the  higher  '*  Average  Daily  Wages  per  Man." 
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To  compare  the  cost  per  kilowatt-hour  net  output  of  two  inde- 
pendent plants  on  the  same  basis,  apply  the  **  Reduction  Factor  '' 
to  labor  only  of  all  groups  with  the  exception  of  Group  **  P.  A/' 
and  add  or  subtract  the  difference  to  or  from  the  total  cost  of 
*'  Production  "  plus  **  Production  Repairs  "  per  kilowatt-hour 
net  output. 

Group  "  P.  A."  "  Management  and  Care,"  is  practically 
independent  of  load  conditions  and  labor  unions  and  is  therefore 
not  considered  in  applying  the  "  Reduction  Factor  '*  for  labor. 

Item  10.  This  figure  is  obtained  on  the  basis  of  all  men  in- 
cluded in  the  Prpduction  and  Production  Repairs  groups  with 
the  exception  of  Group  "  P.  A.''  The  kilowatt-hours  per  man 
increase  as  the  station  becomes  larger  in  size,  and  consequently 
the  cost  of  labor  per  imit  generated  becomes  less. 

Item  11.  This  figure  is  determined  by  dividing  the  total 
cost  of  feed  water  delivered  by  the  number  of  1000  cubic  feet 
(28. 32  cu.  meters)  received.  If  there  is  any  additional  pumping 
charge,  it  should  be  included  in  the  cost  of  water. 

Item  12.  This  figure  can  be  determined  by  dividing  the 
water  purchased  by  meter  for  the  boilers  by  the  total  kilowatt- 
hours  net  output. 

Item  13 .  Divide  the  total  cost  of  labor  as  covered  by  Group 
**  P.  E.**  items  1  and  2  by  the  total  number  of  tons  of  coal  handled. 
The  cost  of  labor  for  coal  handling  apparatus  in  Group  "  R.  B'* 
item  4  is  not  to  be  included. 

Item  14.  These  figures  are  to  be  determined  on  the  basis  of 
what  was  actually  paid  for  the  fuel. 

Item  15.  The  calorific  values  of  coal  and  fuel  oil  should  be 
determined  by  the  bomb  type  calorimeter  in  which  the  com- 
bustible is  biuTied  in  the  presence  of  oxygen  under  pressure,  as 
this  is  the  most  accurate  and  satisfactory  device  for  solid  fuels. 
The  gaseous  fuels  shovild  be  tested  in  a  recognized  standard 
calorimeter  equivalent  to  the  Junker. 

Item  16.  Determine  these  figures  by  dividing  the  total  B.t.u. 
(large  calories)  in  fuel  as  received,  by  the  actual  cost  of  the  fuel. 

Item  17.  Determine  these  figures  by  dividing  the  total 
B.t.u.  (large  calories)  contained  in  the  fuel,  by  the  total  kilowatt- 
hours  net  output  for  the  period.  The  total  B.t.u.  (large  calories) 
contained  in  the  fuel  is  equal  to  the  B.t.u.  (large  calories)  obtained 
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from  proximate  analysis,  multiplied  by  the  total  number  of 
pounds  (0.4534  kg.)  of  coal,  oil  or  cubic  feet  (0.028  cu.  meter) 
of  gas  used. 

Item  18.  Divide  the  total  number  of  pounds  (kilograms)  of 
coal  used  by  the  total  kilowatt-hours  net  output. 

Item  19.  Divide  the  total  number  of  pounds  (kilograms)  of 
fuel  oil  used  by  the  total  kilowatt-hours  net  output. 

Item  20.  Divide  the  total  number  of  cubic  feet  (cu.  meters) 
of  gas  used  by  the  total  kilowatt-hours  net  output. 

Item  21 .  These  figures  can  be  obtained  by  dividing  the  total 
kilowatt-hours  net  output  by  the  total  amount  of  fuel  used. 
One  barrel  equals  42  U.  S.  gallons  or  1 .  59  hectoliters. 

Item  22.  State  whether,  anthracite,  semi-anthracite,  bitumin- 
ous, semi-bitumious  also  if  pea.  No.  1,  No.  2  or  No.  3  buckwheat 
or  rice  coal,  etc. 

Item  23.  State  if  crude  or  distilled  or  reduced  fuel  oil.  The 
average  heating  value  per  pound  of  crude  oil  generally  increases 
as  the  specific  gravity  diminishes,  but  the  specific  gravity  of  an 
oil  is  not  an  accurate  index  of  its  calorific  value.  However,  it 
may  be  of  interest  for  comparison  to  give  the  specific  gravity 
under  this  item. 

Item  24,  State  whether  natural  gas,  coal  gas  or  producer-gas, 
etc. 

Item  25 .  This  is  determined  by  the  usual  proximate  analysis 
which  is  made  when  the  coal  is  received. 

Item  26.  This  is  determined  by  making  a  series  of  tests 
during  the  period  on  the  refuse  taken  from  the  ash  heap,  sampled 
and  analyzed  in  the  same  manner  as  the  coal  in  Item  15. 

Item  27 .  The  net  thermal  efficiency  of  a  steam-driven  power 
plant  in  per  cent  is 

Total  kilowatt-hours  net  output  X  3415  -^ 

Average  B.t.u.  per  ton  X  tons  of  coal  used 

Average  B.t.u.  per  ton  (moist,  as  received)  is  obtained  by 
multiplying  item  15  by  2240. 

The  net  thermal  eflSciency  is  the  true  measure  of  the  scientific 
perfection  of  the  design  of  plant,  whereas  the  cost  per  kilowatt- 
hour  is  the  true  engineering  criterion  of  the  perfection  in  efficiency 
of  the  plant. 
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Relation  Between  Load  Factor  and  Costs 
Item  28.  The  term  "  load  factor  "  has  been  used  in  so  many 
different  ways,  that  much  confusion  still  exists  among  a  number 
of  central  station  men.  In  some  instances  maximum  station 
capacity,  machine  rating  and  connected  load  when  considering 
a  motor  load  arc  used,  instead  of  actual  maximum  load.  Load 
factor  based  upon  the  rated  capacity  shows  a  wide  amount  of 
variation,  but  when  based  upon  the  actual  maximum  load  upon 
the  plant  during  the  period,  it  is  considerably  more  uniform. 
If  load  factor  figures  are  to  be  of  any  value  for  comparative 
purposes,  they  must  be  on  a  uniform  basis,  using  the  total 
number  of  hours  in  the  period  under  consideration. 

Load  factor,  as  used  in  this  case,  is  load  factor  of  the  load  for 
any  period  and  is  defined  as  the  ratio  of  actual  net  output  during 
the  period,  to  the  net  maximum  hour's  load  multiplied  by  the 
total  hours  in  the  period.    Thus  daily  load  factor  of  load  in  per 

Actual  net  output  for  day  of  24  hours  ^^  ,  ^^        „       ^, 

cent  =   —TT-i ' — ^^a ,   1     ^  ^  OA      X  100.       For   the 

Net  maximum  hour  s  load  X  24 

purpose  of  comparing  any  two  plants  for  a  given  period  the  load 
factor  of  the  load  on  the  basis  of  the  maximum  hour  during  the 
period  should  be  used  and  not  the  average  of  daily  load  factors. 
The  monthly  load  factor  of  load  is  usually  much  lower  than  the 
average  of  daily  load  factors.  In  railway  service  the  peaks  on 
Saturdays,  Sundays  and  holidays  are  comparatively  small  and 
consequently  the  load  factor  is  relatively  higher  than  on  other 
days.  In  lighting  stations  the  load  factor  is  usually  higher  on 
Saturdays  and  holidays  and  lower  on  Sundays  than  on  other 
days. 

Load  factor  has  an  important  effect  on  the  cost  of  producing 
power.  A  low  load  factor  involves  the  use  of  relatively  large 
equipment  operating  at  light  and  inefficient  loads,  but  with  a 
high  load  factor,  all  the  elements  that  enter  into  the  production 
of  power  are  operating  at  maximum  economy,  and  the  cost  of 
power  is  at  a  minimum.  In  any  given  system  using  coal  as 
fuel,  with  approximately  the  same  average  maximum  hour  load 
the  following  relative  changes  take  place  with  a  change  in  load 
factor,  providing  the  load  factor  remains  changed  over  a  reason- 
ably long  period  of  say  at  least  six  months. 

The  total  cost  of  management  and  care  is  practically  constant 
and  independent  of  the  load  factor,  but  the  cost  per  kilowatt- 
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hour  net  output  increases  as  the  load  factor  decreases.  To  a 
certain  extent  the  cost  of  labor  varies  with  the  load  factor,  but 
at  about  25  per  cent  load  factor  the  number  of  men  required 
to  operate  the  plant  seems  to  reach  a  minimtun,  and  below  this 
pointy  it  practically  remains  constant.  The  total  cost  of  water, 
lubricants,  supplies  and  most  of  the  repairs,  varies  almost 
directly  with  the  load  factor,  as  the  costs  of  these  individual  items 
are  practically  functions  of  machine  hours.  The  total  cost  of  coal 
varies  with  the  load  factor  but  not  quite  so  rapidly,  whereas  the 
cost  of  coal  per  kilowatt-hour  net  output  increases  with  a 
decreasing  load  factor.  The  total  kilowatt-hour  net  output, 
turbine,  engine  and  active  fire  hours  vary  directly  with  the  load 
factor.  The  banked  fire  hours  increase  with  a  decrease  in  load 
factor  but  not  quite  so  rapidly.  The  reserve  fire  hours  slightly 
increase  with  a  decrease  in  load  factor. 

It  has  been  found  that  the  relationship  between  load  factor 
and  cost  of  production  plus  production  repairs  in  a  first-class 
steam  plant  using  coal  as  fuel,  is  that  the  cost  per  kilowatt-hour 
net  output  varies  approximately  as  the  inverse  fourth  root  of  the 
load  factor.  This  law  will  hold  between  15  per  cent  and  90  per 
cent  load  factors  and  is  applicable  to  individual  plants,  but  in 
comparing  independent  plants  the  cost  of  power  in  each  plant 
should  be  reduced  to  a  common  load  factor. 

Fig.  1  illustrates  graphically  the  relation  between  the  cost  of 
power  and  load  factor  for  steam  turbine  plants  of  25,000  kilowatts 
capacity  and  larger,  using  coal  costing  $3.00  per  ton,  having 
14,500  B.t.u.  per  pound  or  approximately  10,840,000  B.t.u. 
per  dollar.  The  investment  costs  are  shown  by  the  curves  above 
and  the  cost  of  producing  power  by  the  curves  below  the  axis, 
so  that  the  siun  of  the  ordinates  gives  the  total  cost  per  kilowatt- 
hoiu*  net  output  for  any  load  factor. 

The  full  line  curves  are  for  a  steam  turbine  plant  operating  at 
normal  rating  which  is  here  considered  to  be  the  economical 
rating  of  the  prime  mover.  The  cost  of  equipment  and  building 
is  taken  at  $75  and  the  land  at  $6  per  kilowatt  economical  rating. 
The  dotted  lines  show  the  charges  for  a  plant  operating  at  the 
maximum  two-hour  overload  rating  of  the  prime  mover.  In 
this  case  the  cost  of  equipment  and  building  is  reduced  to  $60  and 
the  land  to  $4 . 8  per  kilowatt  maximum  two-hour  overload  rating. 
In  each  case  5  per  cent  is  allowed  for  interest,  1  per  cent  for 
taxes,  1  per  cent  for  insurance  and  3 . 5  per  cent  for  amortization 
fund,  making  a  total  investment  charge  of  10.5  per  cent. 
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It  is  readily  seen  from  the  curves  that  the  most  important 
item  entering  into  the  cost  of  production  and  production  repairs 
is  that  of  fuel,  and  during  the  greater  part  of  the  day  when  the 
load  is  relatively  light  the  investment  costs  unquestionably  have 
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the  greatest  influence  on  the  total  cost  of  power.  At  20  per  cent 
load  factor  the  investment  costs  are  approximately  equal  to 
the  production  plus  production  repairs  costs  for  the  $75  plant, 
and  become  much  higher  as  the  load  factor  decreases.    The  total 
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yearly  mvestment  costs  iS  dependent  upon  the  rated  capacity 
but  independent  of  the  output. 

The  lower  dotted  ciu^e  shows  the  cost  of  production  plus 
production  repairs  during  the  maximum  hour  periods  when 
operating  at  maximum  overload  rating  or  25  per  cent  above 
economical  rating.  This  is  approximately  2.25  per  cent  higher 
than  the  cost  for  economic  operation.  During  the  other  periods 
the  cost  will  be  the  same  as  when  operating  at  normal  rating 
or  maximum  economy. 

If  at  any  load  factor  the  two  ordinates  are  added  it  will  be 
found  that  the  total  cost  of  power  is  less  when  operating  at  over- 
load rating  notwithstanding  the  increase  in  cost  due  to  poor 
economy  at  overload.  This  shows  the  marked  influence  of  the 
investment  costs  on  the  total  cost  of  power.  In  other  words  with 
sufficient  margin  for  insurance  the  plant  can  be  run  at  the  maxi- 
mum overload  capacity  during  the  maximum  hour  periods  at  the 
sacrifice  of  a  large  percentage  in  efficiency  during  these  periods. 

The  investment  cost  ciu^e  is  obtained  by  dividing  a  constant 
by  a  variable  and  consequently  it  is  an  equilateral  hyperbola. 
The  equation  of  this  curve  referred  to  its  asymptotes  as  co- 
ordinates which  are  at  right  angles  is 

K.  =  ^^  (1) 

in  which  F,  represents  the  investment  cost  in  mills  per  kilowatt- 
hour  net  output,  X  the  corresponding  load  factor  of  load 
expressed  in  per  cent  and  xyi  a  constant  for  any  given  curve, 
where  x  and  yi  are  the  co-ordinates  of  any  point  on  the  curve. 
To  compute  the  investment  costs  of  any  plant  for  any  load  factor 
it  will  be  necessary  first  to  determine  the  value  of  xyi  in  which 
X  represents  the  present  load  factor  and  yi  the  corresponding 
investment  cost. 

The  curve  showing  the  cost  of  production  plus  production 
repairs  per  kilowatt  net  output  is  an  inverse  fourth  root  ciu^e 
and  is  represented  by  the  equation 

y^  =  ^"^  (2) 

in  which  Fp  represents  the  cost  in  mills  per  kilowatt-hour  net 
output,  Xjthe  corresponding  load  factor  of  load  in  per  cent 
and  yp  ^x  a  constant  for  any    given  curve,  where  x  and  y^ 
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are  the  co-ordinates  of  any  point  on  the  curve.  To  compute 
the  production  plus  the  production  costs  of  any  station  for  any 
load  factor,  first  determine  the  value  of  yp  Vx,  where  x  is 
the  present  load  factor  and  yp  the  corresponding  cost. 

Illustration:  If  a  plant  is  operating  at  30  per  cent  load  factor 
with  a  cost  of  4.4  mills  for  production  plus  production  repairs 
and  3 . 1  mills  for  investment,  making  a  total  cost  of  7 . 5  mills  per 
kilowattinet  output,  what  will  be  the  cost  if  the  plant  were 
operated  at  50  per  cent  load  factor? 

Investment  Cost 

Y,  =   ^"^Q  ^    ^   1.86  mills 
Production  plus  Production  Repairs  Costs 

--         4.4  -t/SO  ,  ^^     ... 

Fp  = j7= —  =    3.87  mills 

Total  cost  of  power  per  kilowatt 'jiAvx 

net  output 5.73  mills 

If  it  is  desired  to  obtain  the  total  cost  of  power  including  the 
'*  General  and  Miscellaneous  Administration  Expenses,"  it  will 
be  necessary  to  determine  the  cost  in  mills  per  kilowatt  net  out- 
put of  Groups  "  A.  A."  to  "A.H."  as  discussed  under  section  III 
when  operating  at  30  per  cent  load  factor,  substitute  in  equation 
(1),  solve  for  Y  and  add  the  result  to  the  above  figures  5 .  73  mills. 

Figure  of  Merit  and  Reduction  Factor  for  Determining  Relative 

Value  of  Coals 

Item  29.  The  item  of  fuel  has  such  an  important  influence 
on  the  cost  of  producing  power,  that  in  order  to  compare  the 
economy  of  operation  of  different  plants  it  is  necessary  to  icnow 
the  character  and  cost  of  coal  used  in  each  case.  In  order  to 
establish  an  equitable  basis  upon  which  one  coal  can  be  com- 
pared with  another  of  different  price  and  from  a  different  locality, 
the  term  "  Figure  of  Merit "  is  proposed,  which  represents  the 
B.t.u.  per  dollar  after  correcting  for  ash,  and  B.t.u.  lost  in  refuse 
as  follows: 

Figure  of  merit 

,      .    ,      /2240X%ash^„  ^    ,    ,      \ 

B.t.u.  per  ton  (moist)  —  I — :  —  X  B.t.u.  per  pound  of  refuse  I 

"  Price  per  ton.  (2240  lb.)   ($) 
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The  B.t.u.  per  ton  (moist,  as  received),  is  obtained  by  multiply- 
ing item  No.  15  by  2240.  Percentage  of  ash  in  coal  as  received 
and  the  B.t.u.  in  refuse  from  the  coal  are  obtained  from  items 
25  and  26.  The  price  per  ton  of  coal  (2240  lb.)  is  the  actual  price 
paid  the  contractor.  For  illustration  take  two  coals,  "  A  "  and 
"B  ": 


Coal 

B.t.u.  per 
pound  moist 

Price  per  ton 
(2240  lb.) 

Percentage  of 
ash  in  coal 
as  received 

B.t.u.  per 
pound  refuse 

Figure  of  merit 

1 

A 

B 

14.500 
13.000 

$3.00 
2.00 

5 

10 

3.500 
4,000 

10.696.000 
14.112.000 

The  "  Figure  of  Merit  "  of  coal  "  B  "  is  approximately  32  per 
cent  higher  than  that  of  coal  **  A." 

For  the  purpose  of  comparing  the  production  costs  per  kilo- 
watt-hour on  a  common  basis,  using  fuel  having  the  same 
"  Figure  of  Merit/'  it  will  be  necessary  to  adopt  a  "  Reduction 
Factor ''  for  correcting  the  cost  of  coal  having  the  lowest  "  Figure 
of  Merit,"  "  Reduction  Factor,''  being  defined  as  the  ratio  of 
the  lower  to  the  higher  "  Figure  of  Merit."  In  the  above 
illustration  the  "  Reduction  Factor  "  is 


Figure  of  merit  coal "  A  " 
Figure  of  merit  coal ''  B 


"__  10,696,000  _^  -,. 

"■"r4,TT2760()""-^*'^ 


Applying  this  factor  to  coal  "  A  "  is  equivalent  to  saying  that 
in  order  to  compare  coals  "  A  "  and  "  B  "  on  the  same  basis, 
with  respect  to  B.t.u.,  percentage  of  ash  in  the  coal,  B.t.u.  in 
the  refuse  and  the  price  per  ton,  coal  *'  A  "  should  cost  $2.27  per 
ton  instead  of  $3.00.  If  it  is  desired  to  compare  the  costs  per 
kilowatt-hour  net  output  on  the  same  basis,  one  using  coal  **  A  " 
and  the  other  coal  '*  B,"  apply  the  **  Reduction  Factor  "  to  cost 
of  fuel  (material  only)  in  group  *'  P.  E."  items  I  and  2  of  plant 
using  coal  "  A  "  and  subtract  the  difference  from  the  total  cost  of 
"  Production  "  per  kw-hr.  net  output. 

Application  of  Factors 
In  comparing  the  power  costs  of  two  independent  plants,  the 
"  Average  Daily  Wages  per  Man  "  "  Figure  of  Merit  of  Coal  " 
and  **  Load  Factor  of  Load  "  must  always  be  taken  into  consid- 
eration, and  the  plant  having  the  lowest  cost  per  kilowatt-hour 
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net  output  should  be  the  proper  standard  for  comparison.  If 
it  is  desired  to  compare  plants  **  A  "  and  "  B  "  when  the  former 
has  the  lower  power  cost,  the  corrected  cost  of  plant  "  B  "  can 
be  computed  from  the  following  formula: 

K  =  ^  +  [y,  -  L  (1  -  ^f ')  -  C  (1  -  fT)\  ^^-  (3) 

Y  represents  the  corrected  cost  in  mills  per  kilowatt-hour 
net  output  of  investment  plus  production  plus  production  repairs 
of  plant  *'B." 

yi  and  jp  represent  the  original  cost  in  mills  per  kilowatt-hour 
net  output  of  investment  and  production  plus  production  repairs 
respectively  of  plant  "  B." 

X  and  X  are  the  "  Load  Factors  of  Load  *'  of  plants  "  A  *'  and 
'*  B  ''  respectively. 

L  is  the  cost  in  mills  per  kilowatt-hour  net  output  of  all  labor 
in  all  production  and  production  repair  groups  with  the  excep- 
tion of  Group  "  P.  A/' 

Fl  is  the  "  Reduction  Factor  "  for  labor  as  explained  under 
item  9  of  "  Discussion  of  Analysis  of  Production  and  Production 
Repairs  Cost  and  Data." 

C  represents  the  cost  in  mills  per  kilowatt-hour  net  output  of 
coal  (material  only)  in  Group  "  P.  E.,"  items  1  and  2. 

Fc  is  the  "  Reduction  Factor  "  for  coal,  as  explained  imder 
item  29  of  "  Discussion  of  Analysis  of  Production  and  Production 
Repairs  Cost  and  Data." 

Use  the  reciprocals  of  Fl  and  Fc  if  the  "  Average  Daily  Wages 
per  Man  "  is  lower  and  the  "  Figure  of  Merit  "  is  higher  in 
plant  "  B  "  than  in  "  A  ". 

For  illustration  we  will  assume  the  following  approximate 
figures  and  compute  the  cost  of  plant  "  B  "  on  the  basis  of  **  A:" 


Plant 

Ix>ad  f  actor 

Figure  of 
Merit 

Average 

daily  wages 

per  man 

Vx 

yp 

vi-^yv 

L 

C 

A 

B 

60 
40 

14.000.000 
10.500.000 

$2.5 
$2.0 

2.0 
2.5 

4.0 
4.5 

6.0 
7.0 

0.13 

3.0 

Fl  "  Reduction  Factor  "  for  labor   =  ?^  =0.80 

2.5 

Fc  "  Reduction  Factor  "  for  coal     =   !?^???^??2  =0.75 

14,000,000 
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40  X2.5 


F  = 


^  =  5.57  mills 


That  is,  if  plant  "  B  "  were  operated  on  the  same  basis  as  plant 
"  A  "  with  regard  to  "  Load  Factor,"  "  Figure  of  Merit  "  and 
'*  Average  Daily  Wages  per  Man,"  the  cost  of  power  per  kilo- 
watt-hour net  output,  including  investment,  production  and 
production  repairs,  would  be  5.57  mills,  which  is  approximately 
•7.2  per  cent  lower  than  the  cost  for  plant  "A." 

Summary 

First.  Standardization  of  method  for  determining  the  cost  of 
all  items  that  enter  into  the  total  cost  of  power,  which  is  divided 
into  three  distinct  sections. 

Second.  Method  of  analyzing  the  production  and  production 
costs  and  operating  data  for  comparative  purposes. 

Third.  Determining  the  relation  between  load  factor  and  cost 
of  power,  so  as  to  permit  the  comparison  of  costs  per  kilowatt- 
hour  under  varying  conditions. 

Fourth.  Establishing  an  equitable  basis  for  comparing  the 
relative  values  of  coals  where  the  chemical  analysis  and  price 
are    different. 

Fifth.  Method  of  correcting  for  the  cost  of  labor  where  the 
"  Average  Daily  Wages  per  Man  "  is  materially  different. 

In  conclusion,  the  authors  hope  that  this  paper  may  be  the 
means  of  arousing  sufficient  interest  in  this  complex  subject  to 
insure  a^full  and  free  discussion  of  the  problems  presented  and 
that  some  standard  method  of  determining  power  costs  may 
result  therefrom. 
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Discussion  on  '^Standardization  of  Method  for  Determin- 
ing AND  Comparing  Power  Costs  in  Steam  Plants'\ 
(Stott  and  Gorsuch),  Cooperstown,  New  York, 
June    26,    1913. 

Henry  Floy:  Turning  to  the  last  pages  of  the  paper,  it  is  a 
disappointment  to  find  that  the  final  formula,  given  on  page  1650, 
in  which  one  looks  to  find  the  solution  of  the  problem  discussed, 
omits  a  part  of  the  * 'total  cost"  elements  mentioned  on  page 
1639.  In  fact  the  question  may  be  fairly  raised  whether  "Gen- 
eral and  Miscellaneous  Administration  Expenses"  of  one  plant 
are  capable  of  direct  comparison  with  those  of  another  plant 
upon  the  basis  merely  of  output.  These  expenses  really  have 
little  to  do  with  the  question  of  scientific  perfection  of  design  or  ^ 
efficiency  of  operation  of  a  power  plant.  Proportioning  such 
expenses  to  power  costs  in  the  relation  of  such  costs  to  total 
costs,  as  mentioned  on  page  1636,  may  be  unfair.  This  may  be 
seen  by  considering  the  disproportionately  large  amount  of  the 
president's  salary,  for  example,  compared  to  his  time  or  effort, 
that  would  be  allotted  to  power  cost,  when  based  on  the  ratio  of 
expense  for  fuel  to  the  total  expense.  Perhaps  a  more  equitable 
method  of  proportioning  the  general  officers'  salaries  would  be 
on  the  basis  of  letters  found  in  office  files  relating  to  the  different 
departments,  or  dividing  auditing  expenses  in  proportion  to  the 
vouchers  passed  for  the  various  departments.  Another  omis- 
sion from  the  formula  presented  is  the  failure  to  take  into  con- 
sideration for  comparison,  the  substituted  cost  of  water  and  its 
treatment  for  boiler  and  condensing  purposes,  which  might  be 
quite  different,  with  appreciable  effect  on  power  costs,  in  the 
plants  being  compared. 

Presumably  the  division  of  production  and  repair  costs  pro- 
posed, are  along  the  lines  of  accounting  established  by  the 
Public  Service  Commission  of  New  York  State,  but  pensions 
included  in  general  expenses  at  foot  of  page  1622,  are  not  in 
accordance  with  such  classification.  Neither  is  the  item  of 
interest  included,  as  given  among  investments  costs  on  page 
1629.  If  variation  from  accepted  rules  of  accounting  is  to  be 
made,  improvement  in  details  should  be  expected.  Why  boiler 
insurance,  for  example,  should  be  included  as  a  part  of  repair 
costs  and  employees'  insurance,  with  the  attendant  expenses, 
should  be  put  in  production  costs,  is  not  clear  and  is  one  of  the 
apparent  inconsistencies.  It  will  be  noted  that  in  the  sub- 
stitution of  one  piece  of  apparatus  for  another,  the  authors 
make  capacity  alone  the  basis  of  capitalization  charge,  improved 
efficiency  being  entirely  ignored.  Depreciation  is  apparently 
taken  to  include  only  obsolescence  and  inadequacy,  while  extra- 
ordinary accident  and  **calamity",  such  as  the  floods  which 
lately  visited  many  plants  in  the  central  west,  items  which  must 
be  taken  care  of  by  reserves  rather  than  insurance,  are  omitted. 

The  figures  given  in  Table  I,  Life  Expectancy,  are  stated  to 
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be,  what  the  authors  believe,  "fairly  representative."  It  would 
be  interesting  to  know  upon  what  basis  such  statement  is  made, 
as  the  figures  are  not  in  accordance  with  those  widely  used  and 
authoritative  figures  given,  for  example,  in  the  speaker's  paper 
on  "Depreciation",  presented  before  this  Institute  two  years  ago. 
It  would  seem  only  fair  to  criticize  the  use  of  figures  which  do 
not  agree  with  those  more  or  less  well  established  and  author- 
itative, unless  the  authors  offer  some  explanation  as  to  why 
their  figures  differ  and  reasons  for  their  acceptance.  The  in- 
troduction of  such  random  data,  which  is  too  common  among 
writers  of  papers  before  this  and  other  societies,  results  only  in 
confusion  and  lack  of  uniformity,  for  which  the  profession  is 
justly  criticized.  By  way  of  further  illustration,  all  buildings 
will  not  have  the  same  life  expectancy  and  the  authors  should 
differentiate  between  the  character  of  buildings  referred  to; 
for  example,  wood,  brick,  steel  or  monolithic  concrete,  the  lives 
of  which  will  be  quite  different.  The  same  with  regard  to  scrap 
value.  On  what  do  the  authors  base  their  value  of  5  per  cent? 
Certainly  it  does  not  relate  to  wooden  buildings,  nor  to  concrete 
buildings,  imless  in  exceptional  cases,  and  the  speaker  has  found 
8  per  cent  is  about  the  correct  figure  for  the  scrap  value  of 
brick  and  steel  structures. 

A  similar  line  of  criticism  might  be  made  of  many  of  the 
other  items  mentioned  in  the  table,  the  lives  of  which  are  imduly 
short,  or  of  which  the  parts  may  be  renewed  almost  indefinitely. 
The  publication  of  such  figiu-es  by  men  of  such  standing  as  the 
authors,  leads  to  their  use  in  misleading  and  unfair  ways,  by 
inexperienced  and  prejudiced  engineers. 

It  is  a  mooted  question  whether  depreciation  should  be  con- 
sidered as  one  accoimt,  of  which  wear  and  tear,  obsolescence, 
accident  and  inadequacy  are  all  separate  classes,  or  whether 
maintenance  and  repairs  should  be  considered  separately  and 
depreciation  used  merely  in  reference  to  other  class  of  deterior- 
ation. The  objection  to  dividing  the  item  is  that  it  is  difficult 
to  say  when  repairs  and  renewals  are  maintenance  or  deprecia- 
tion. As  a  matter  of  fact,  all  wear  and  tear  requires  renewals, 
the  distinction  usually  being,  that  when  the  renewals  are  small 
as  to  parts  or  in  cost,  they  are  charged  to  maintenance,  and 
when  relatively  large  or  expensive,  they  are  charged  to  de- 
preciation. Such  classification  is  purely  arbitrary  and  in  any 
system  consisting  of  a  large  number  of  parts  and  the  investment 
of  many  millions  of  dollars,  all  renewals  can  properly  be  treated 
as  wear  and  tear.  The  cost  of  such  replacements  do  not  affect 
the  income  any  more  than  does  the  wear  and  tear  account 
affect  the  income  of  a  company  having  fewer  parts  and  smaller 
investment.  Many  companies  are  following  the  procedure 
(which  is  simpler  and  ordered  by  some  Public  Service  Com- 
missions, and  therefore,  in  the  opinion  of  the  speaker,  pre- 
ferable) of  establishing  in  advance,  an  annual  amount,  which 
is  set  aside  for  depreciation  of  all  classes,  usually  appropriating 
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this  out  of  revenue  month  by  month.  This  depreciation  account 
is  then  charged  month  by  month  with  the  actual  expenditures 
made  for  maintenance,  repairs  and  renewals,  the  balance  being 
carried  forward  as  a  depreciation  fund.  This  method  of  account- 
ing avoids  the  constantly  occturing  and  irritating  question  as 
to  which  account,  maintenance  or  renewals,  the  partictilar 
item  being  renewed,  is  properly  chargeable.  The  importance 
of  having  a  definite  and  tuiif orm  rule  for  charging  maintenance 
and  depreciation  is  at  once  apparent  to  anyone  who  is  attempt- 
ing to  compare  classes  of  expenses  in  two  or  more  plants.  In 
any  case  the  proposal  to  periodically  check  and  adjust  the  annual 
amount  set  aside  to  cover  depreciation  is  to  be  commended  and 
is  being  done  by  some  corporations. 

It  appears  to  be  unjustifiable  on  the  part  of  the  authors  of 
this  paper,  to  use  5  per  cent  as  the  basis  of  return  on  capital 
invested,  even  by  way  of  illustration.  The  curve,  Fig.  1,  show- 
ing the  cost  of  power,  based  on  a  5  per  cent  return,  is  misleading, 
as  no  utility  company  can  secure  funds  on  any  such  basis,  and 
the  authors'  own  company  very  properly  insisted  upon  and 
recently  obtained  a  return  of  practically  8f  per  cent  (including 
about  one  per  cent  for  amortization)  on  its  investment  in  the 
New  York  subway,  and  the  State  of  Tennessee  this  week  has 
had  to  pay  6  per  cent  to  refund  its  public  debt.  Why,  then, 
should  such  an  erroneous  figure  as  5  per  cent  be  used? 

In  fact,  any  return  on  the  investment  in  mere  physical  prop- 
erty, as  apparently  proposed  by  the  authors,  is  entirely  in- 
sufficient and  unfair,  if  "total  production  costs''  are  being  sought; 
the  proper  intangibles  or  overhead  capital  expenditures  should 
be  included  in  order  to  obtain  total  production  costs. 

Item  No.  28  defines  load  factor  in  relation  to  the  maximum 
one-hour  load;  this  is  a  longer  period  than  would  be  accepted 
by  many  operators,  as  fifteen  minutes,  five  minutes,  or  even 
less  is  frequently  the  basis  on  which  load  factor  is  estimated. 
The  statement  that  the  cost  of  labor  varies  with  the  load  factor, 
reaching  a  minimum  at  about  25  per  cent,  would  undoubtedly 
depend  to  some  extent  upon  the  size  of  the  plant  and  number 
of  units.  It  would  seem  that  the  statement  that  the  cost 
per  kw-hr.  output  varies  approximately  as  the  inverse  fourth 
root  of  the  load  factor,  should  be  amplified  so  as  to  show  actually 
the  conditions  under  which  this  nile  has  been  found  to  apply, 
size  of  units,  capacity  of  station,  fuel  and  labor  costs,  etc.,  and 
what  variations  from  these  conditions  are  known  it  is  possible 
to  make  without  appreciably  affecting  the  nile. 

With  reference  to  the  paper  as  a  whole,  the  question  may  be 
raised  by  some  as  to  whether  the  subject  discussed  is  a  proper 
one  for  consideration  by  a  scientific  engineering  organization. 
The  speaker  desires  to  go  on  record  as  endorsing  the  presenta- 
tion of  such  an  eminently  practical  engineering  paper  before 
the  Institute,  and  ftuther  to  acknowledge  an  obligation  to  the 
authors  for  the  enunciation  of  their  inverse  fotuth  root  rule, 


Digitized  by 


Google 


19131  DISCUSSION  AT  COOPERSTOWN  1656 

which  it  is  hoped  will  be  found  to  apply,  at  least  approximately, 
for  all  stations. 

Carl  Schwartz:  Messrs.  Stott  and  Gorsuch  begin  their 
paper  by  saying,  "the  need  of  some  tmiform  method  of  ac- 
coimting  for  the  determination  of  the  cost  of  power  in  steam 
plants  has  been  long  felt." 

There  is  no  doubt  that  this  need  exists  because  it  is  not  alone 
difficult  to  draw  a  direct  comparison  between  the  cost  bi  power 
from  stations  operating  tmder  different  conditions,  but  in  some 
cases  even  between  two  stations  in  the  same  locality,  using 
practically  the  same  kind  of  coal  and  operating  under  similar 
load  characteristics. 

The  speaker  is  connected  with  a  company  which  has  for 
several  years  exchanged  power  station  operating  costs  with 
other  companies  and  kiows  that  this  exchange  has  been  of  benefit. 
In  one  case  the  cost  of  current  for  operation  and  maintenance 
of  a  modem  power  generating  station  containing  four  6000-kw. 
imits  has  been  reduced  from  0.67  cent  in  1908  to  about  0.45  cent 
per  kw-hr.  in  1912.  It  is  true  that  the  output  of  this  station 
has  increased  from  about  40,000,000  kw-hr.  to  about  76,000,000 
kw-hr.  per  annum  in  the  same  period,  and  the  average  cost  of 
coal  has  been  reduced  by  about  11  per  cent,  still  an  appreciable 
amount  of  the  reduction  in  cost  of  current  can  be  attributed  to 
the  knowledge  of  other  station  performances.  The  cost  of 
current  at  the  present  time  is  not  as  low  as  in  some  other  stations 
of  larger  capacity ;  still,  considering  the  price  of  coal,  and  the  fact 
that  the  turbo-generators  have  a  steam  economy  of  about 
18  lbs.  per  kw-hr.,  it  is  believed  to  be  nearly  as  low  as  it  can 
consistently  be  expected.  If  the  steam  economy  of  the  turbo 
generators  were  13  lb.  per  kw-hr.  the  cost  of  current  would  be 
about  0.37  cent. 

The  paper  covers  the  elements  entering  into  the  cost  of  power 
in  a  comprehensive  maimer  and  gives  a  complete  analysis  of 
the  conditions  to  be  considered.  The  following  comments 
are  believed  to  be  applicable. 

A  comparison  of  the  cost  of  power  shotdd  be  made  as  simple 
and  short  as  can  consistently  be  done  in  order  to  relieve  the 
operating  companies  of  imnecessary  accounting  and  computa- 
tions, as  otherwise  some  companies  may  decide  that  the  expense 
of  keeping  their  accoimts  in  the  manner  prescribed  and  making 
the  computations  to  bring  their  operating  and  maintenance 
costs  on  a  comparable  basis,  exceeds  the  expense  they  feel 
jvistified  in  incurring.  The  more  companies  can  be  foimd 
to  contribute  to  the  statistics,  the  greater  will  be  their  value, 
and  it  would  be  unfortunate  if  all  contributions  to  the  cost 
statistics  that  are  possible  to  secure  cotdd  not  be  obtained. 

A  high  degree  of  accuracy  in  making  comparisons  of  station 
performances  is  desirable,  still,  some  expenses  cannot  readily  be 
compared,  and  for  this  reason  it  may  be  permissible  to  sacrifice 
a  certain  degree  of  accuracy  for  simplicity. 
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On  pages  1620  to  1622  the  items  of  production  costs 
and  production  repairs  costs  are  covered  in  full  detail.  To  make 
a  comparison  between  two  or  more  stations  it  would  seem  that 
many  of  the  items  enumerated  could  be  consolidated.  If 
differences  occur  an  investigation  would  readily  reveal  the  reason 
and  thus  burdening  the  regidar  reports  with  a  relatively  large 
number  of  detail  items  of  minor  importance  would  be  avoided. 

Item  TA,  Management  and  Care,  appears  as  an  operating 
charge  only.  Some  of  the  items  thereunder,  however,  are 
chargeable  likewise  to  maintenance  and  while  the  proportion 
chargeable  to  maintenance  is  small,  still  room  should  be  provided 
for  management  and  care  under  production  repair  costs. 

The  costs  of  the  various  items  of  production  and  production 
repairs  are  shown  in  cents  per  kw-hr.  output.  Some  of  these 
figures  may  not  exceed  a  few  hundred  dollars  per  year  and  ex- 
pressing them  in  cents  per  kw-hr.  would  take  considerable  time 
to  compute  and  require  many  decimals. 

I  would  ask  Mr.  Stott  whether  he  sees  any  objection  to  the 
use  of  the  total  costs  in  dollars  and  cents  for  the  detail  items, 
making  the  distribution  in  cents  per  kw-hr.  in  the  summary 
only,  as  given  at  the  top  of  page  1623.  An  additional  comparison 
would  be  afforded  by  expressing  each  of  the  items  in  percentage 
of  the  total. 

Injuries  to  employees  and  other  personal  injuries  and  property 
damage  is  covered  by  group  PJ-General,  c  and  d.  In  investment 
costs,  group  IC,  insurance  covers  the  settlement  of  claims  for 
personal  injuries  and  property  damage.  Thus,  accidents  are 
charged  against  the  operating  account  or  to  capital  account, 
depending  on  whether  the  company  carries  insurance  or  not. 

Fire  or  accidents  will  influence  the  cost  of  power  from  a  station 
carrying  insurance  to  the  extent  of  the  cost  of  insurance  and  from 
a  station  not  protected  by  insurance  will  be  correspondingly 
less,  except  in  case  of  fire  or  accident,  when  the  cost  will  be  sud- 
denly increased. 

The  accounts  of  a  company  carrying  insurance  and  another 
not  carrying  insurance  would,  therefore,  not  be  strictly  compar- 
able unless  the  condition  for  each  station  is  made  clear. 

Mr.  Stott  covers  very  fully  the  matter  of  amortization  and 
divides  these  charges  into;  first,  physical  depreciation,  and 
second,  functional  depreciation.  Physical  depreciation  is  dis- 
posed of  by  charges  against  maintenance  under  the  assumption 
that  the  plant  will  be  maintained  at  100  per  cent  eflSciency. 

For  functional  depreciation  a  comprehensive  method  is  out- 
lined which  permits  a  readjustment  from  time  to  time  to  either 
make  allowance  for  changes  and  additions  or  to  correct  certain 
assumptions  as  tq  the  life  of  apparatus  and  machinery,  should 
there  be  reason  for  doing  so.  While  the  flexibility  of  the  method 
may  be  attractive,  still  it  involves  considerable  labor  and  as 
an  estimate  of  the  life  and  the  scrap  value  of  the  apparatus 
largely  depends  on  the  judgment  of  the  person  making  the  esti- 
mate, discrepancies  are  apt  to  occur  which  tend  to  offset  thtp 
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advantages  the  method  otherwise  offers.  Furthermore,  the 
total  life  of  75  years  for  buildings  may  be  impaired  by  radical 
cl  aiges  after  the  shorter  life  of  the  machinery  expires. 

For  comparing  functional  depreciation  in  place  of  this  method, 
and  for  the  sake  of  simplicity  it  is  suggested  to  consider  an 
average  life  of  30  years  for  the  entire  station  and  after  making 
a  deduction  of  5  per  cent  for  scrap  value,  charging  a  sufficient 
amount  annually  to  equal,  with  interest  compounded  annually 
at  4  per  cent,  the  prevailing  investment. 

By  prevailing  investment  is  meant  the  original  cost  of  the 
plant  complete  excluding  land  but  including  all  expenses  charge- 
able to  capital  cost,  like  discount  on  the  sales  of  securities, 
interest  during  construction,  tests,  preliminary  operation 
engineering  and  contingencies.  To  this  to  be  added  annually 
the  cost  of  additions  and  betterments  less  the  original  cost  of 
any  apparatus  removed. 

While  it  is  realized  that  almost  any  form  of  depreciation 
offers  room  for  objections,  still  it  is  believed  that  if  some  definite 
method  like  the  above  could  be  agreed  upon  and  used  as  a  basis 
for  all  comparisons  of  power  station  costs  it  would  greatly 
simplify  the  work. 

Referring  to  the  Analysis  of  Production  and  Production 
Repair  Costs,  item  9,  "average  daily  wages  per  man" — to 
compare  the  costs  per  kw-hr.  net  output  of  two  independent 
plants  on  the  same  basis,  a  reduction  factor  is  to  be  applied  to 
labor  only,  the  difference  to  be  added  to  or  subtracted  from  the 
total  cost  of  production  plus  production  repairs  per  kw-hr.  net 
output. 

This  method  would  adjust  differences  in  the  cost  of  labor  of 
different  localities.  It  seems,  however,  that  it  would  not  allow 
adjustment  in  case  the  average  daily  wages  per  man  are  higher 
or  lower  by  a  different  class  of  labor  employed.  For  instance, 
one  station  may  bum  hard  coal  and  be  equipped  with  hand- 
fired  grates  requiring  a  certain  numl^er  of  men.  Another  sta- 
tion may  be  equipped  with  automatic  stokers  reducing  the  number 
of  men  in  the  boiler-room  to  a  minimum  though  the  average 
wages  per  stoker  operator  are  higher  than  per  ordinary  fireman, 
thus  raising  the  average  cost  per  man  for  the  entire  station. 

As  to  the  reduction  factor  for  labor,  I  have  in  mind  the  con- 
ditions of  two  stations,  one  burning  soft  coal  with  automatic 
stokers  and  the  other  hard  coal  screenings  on  hand-fired  grates. 
The  cost  of  labor  and  coal  at  these  stations  for  the  year  1912 
compares  as  follows : 

Stokers.         Hand-fired-grates. 

Net  output,  kw-hrs 83,000,000  47.000,000 

Boiler  room  labor,  per  kw-hr . .     0.042  cts.  0.0984  cts. 

Coal,  per  kw-hr 0.314  cts.  0.3127  cts. 

Cost  of  coal  per  2000  lb 2.37  1.63 

Coal  per  kw-hr 2.66  lb.  3.8  lb. 

Total,  operation    and    main- 
Unancc 0.492  cte.  0.69aL^febed  by  GoOgle 
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The  cost  of  labor  per  kw-hr.  in  the  station  equipped  with  hand- 
fired  grates  is  over  twice  as  high  as  in  the  station  equipped  with 
automatic  stokers  due  to  the  greater  number  of  men  necessary 
for  hand-firing. 

The  average  cost  per  fireman  is  less  than  per  stoker  operator 
and  this  condition,  if  Mr.  Stott's  method  was  followed,  would 
lower  the  average  for  the  entire  station  force. 

I  am  not  sure  whether  a  method  can  readily  be  found  to  make 
an  adjustment  in  satisfactory  form  and  the  reason  for  calling  atten- 
tion to  these  possible  inaccuracies  is  not  to  suggest  further  refime- 
ment  but  rather  to  suggest  simplification  in  the  method  of  compar- 
ing the  cost  of  power,  even  if  some  accuracy  has  to  be  sacrificed. 

The  curves  in  Fig.  1  of  the  paper  clearly  show  the  influence 
of  the  load  factor  upon  the  cost  of  power  and  those  referring 
to  the  cost  of  production  and  production  repairs  appear  to  be 
sufficiently  close  to  be  used  for  bringing  these  costs  on  a  com- 
parable basis.  While  I  believe  that  in  this  case,  as  in  others, 
simplicity  should  be  the  keynote,  still  it  will  be  difficult  to  find 
a  simpler  method  that  will  give  satisfactory  results.  After 
sufficient  data  have  been  collected  it  should  readily  be  possible 
to  adjust  the  curves  and  equations  if  necessary  and,  therefore, 
the  method  given  by  Messrs.  Stott  and  Gorsuch  should  form  a 
good  basis  for  making  adjustments  for  load  factor. 

Daily  factor  of  load  is  expressed  as: 

Actual   net   output   for   day   of   24   hours       -^ 
Net  maximum  hour's  load  X  24 

and  it  is  stated  that  load  factor  based  upon  the  rated  capacity 
shows  a  wide  amount  of  variation,  and  for  this  reason  it  is  proposed 
to  base  the  load  factor  upon  the  actual  maximum  one  hour  load. 

To  deliver  the  maximum  load  a  certain  number  of  machines 
is  required  and  their  capacity  may  or  may  not  agree  closely 
with  the  load  to  be  carried. 

The  load  factor  could  readily  be  expressed  by: 

Net  output  in  kw-hr.  X  100 

Generator  capacity  running  X  machine  hours. 

It  is  believed  that  this  method  will  give  more  comparable 
results  because  the  investment  and  the  costs  of  operation  and 
maintenance  have  less  relation  to  the  maximum  hours  load 
than  to  the  capacity  of  the  machines  and  their  time  of  operation. 

To  adjust  for  the  relative  value  of  coal  a  method  is  proposed 
which  corrects  for  the  difference  in  B.t.u.  the  cost  of  coal  and 
the  percentage  of  ash. 

There  are  other  factors  entering  into  the  value  of  coal,  namely, 
volatile  matter,  which  may  curtail  the  capacity  of  the  furnaces 
by  producing  excessive  smoke,  sulphur,  lime,  iron  and  silica 
which  may  increase  the  operating  labor  and  furnace  mainten- 
ance, and  the  percentage  of  ash  and  amount  of  clinkers  enter 
into  the  cost  of  ash  removal.  ^,y,u.ou  uy  ^^^OqIc 
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Not  all  of  the  above  items  may  be  of  sufficient  moment  to 
require  adjustment,  but  some  of  them  it  would  seem  should  be 
taken  into  consideration  in  comparing  performances,  because 
some  plants  may  give  better  results  than  others  though  the  figure 
of  merit  for  coal,  if  computed  on  the  basis  suggested,  is  the  same. 

Section  III  covers  General  and  Miscellaneous  Administration 
expenses  which  is  proposed  to  be  charged  to  the  cost  of  power  in 
the  proportion  the  total  operating  and  maintenance  cost  of  the 
power  plant  bears  to  the  total  running  expense  of  the  corporation. 

With  some  companies  a  steam  power  plant  is  a  relatively 
small  item  of  its  business  and  the  distribution  of  the  general 
and  miscellaneous  administration  expenses  as  outlines  will  be 
difficult.  It  would  be  better  to  omit  ^1  of  these  items,  because 
they  do  not  affect  the  comparison  of  the  cost  of  power  sufficiently. 

The  scope  of  the  program  of  comparing  the  costs  of  power 
could  readily  be  extended  to  cover  not  alone  the  cost  of  power 
at  the  busbars  of  the  power  stations  but  up  to  the  third  rail 
shoes  or  overhead  collectors  of  electric  locomotives  or  the  cus- 
tomer's meters  of  electric  lighting  companies. 

The  summary  of  a  form  for  operating  and  maintenance  costs 
from  power  stations  to  the  third  rail  which  has  given  satisfactory 
results  is  shown  below : 

Items.  Total  cost  Cost  per  kw-hr. 

Power  Stations: 
H  Net  a-c.  output, kw-hr.  ....  .... 

Operating  labor. 

Operating  material, 

Maintenance  labor. 

Maintenance  material. 

Total  at  power  stations, 

(1)  Total  at  Train  Shoes,  

Substations: 

Net  d-c.  output, kw-hr.  ....  .... 

Operating  labor. 
Operating  material. 
Maintenance  labor. 
Maintenance  material. 
Total  at  substations. 

(2)  Total  at  Train  Shoes,  

Cable  Department: 

Alternating  current: 

Total  a-c.  input  to  subs.,  etc., kw-hr.  ....  .... 

Maintenance  labor. 
Maintenance  material. 
Total  a-c.  cables, 

(3)  Total  at  Train  Shoes,  

Direct  current: 

Total  d-c.  output  at  third  rail. kw-hr.  ....  .... 

Maintenance  labor. 
Maintenance  material. 

Total  at  Train  Shoes, 
Third  Rail: 

Total  d-c.  output  at  third  rail, kw-hr.  .... 

Maintenance  labor. 
Maintenance  material. 

Total  at  Train  Shoes, 
Grand  Totai  at  Train  Shces, 
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(1)  This  figure  to  be  obtained  by  multiplying  the  cost  per 
kw-hr.  at  power  station  by  100,  dividing  by  efficiency  in  per 
cent  from  power  station  busbars  to  train  shoes. 

(2)  This  figure  to  be  obtained  by  multiplying  the  cost  per 
kw-hr.  at  substation  d-c.  bus  bars  by  100,  dividing  by  efficiency 
in  per  cent  from  d-c.  substation  bus  to  train  shoes. 

(3)  This  figure  to  be  obtained  by  multiplying  the  cost  per 
kw-hr.  at  substation  a-c.  bus  bars  by  100,  dividing  by  efficiency 
in  per  cent  from  a-c.  substation  bus  to  train  shoes. 

The  fixed  charges  for  transmission  lines,  substations  and  third 
rail  could  be  handled  in  a  similar  manner  as  for  power  plants. 
The  above  can  be  briefly  summarized  as  follows: 

1.  Condense  the  comparison  and  simplify  the  accounting 
and  computations  as  far  as  possible. 

2.  Space  should  be  allowed  imder  the  maintenance  account 
for  certain  expenses  under  management  and  care  chargeable 
thereto. 

3.  For  all  detail  items  total  cost  figures  could  be  used  in- 
stead of  cents  per  kw-hr.,  to  save  labor  and  avoid  small  decimal 
fractions.  The  cost  of  items  in  the  summary  if  expressed  in 
per  cent  of  total  would  permit  additional  comparison. 

4.  Simplify  the  methbd  of  calculating  functional  deprecia- 
tion. 

5.  The  average  daily  wages  per  man  are  not  only  determined 
by  the  cost  of  labor  in  different  localities  but  also  by  the  nature 
of  the  equipment  and  the  class  of  labor  employed. 

6.  To  express  load  factor  the  following  expression  is  pro- 
posed: 

Net  output  in  kw-hr.  X  100 

Generator  capacity  running  X  machine  hours. 

7.  The  figure  of  merit  and  reduction  factor  for  determin- 
ing the  relative  value  of  coal  is  believed  to  require  additional 
adjustment.  If  a  certain  quality  and  cost  of  coal  could  be 
agreed  upon  as  standard,  comparison  should  be  facilitated. 

8.  It  is  suggested  to  omit  Section  III,  general  and  mis- 
cellaneous expenses. 

9.  The  scope  of  the  comparison  of  the  cost  of  power  could 
be  extended  to  cover  the  cost  of  current  up  to  the  point  of  con- 
sumption. 

In  closing,  the  speaker  wishes  to  express  his  belief  that  the 
authors*  paper  covers  the  subject  so  fully  that  with  relatively 
minor  revisions  it  should  form  an  excellent  basis  for  the  Stand- 
ards Committee  as  a  standard  method  of  comparing  the  cost 
of  power. 

William  McClellan:  It  seems  to  me  that  this  paper  must 
be  taken,  as  the  authors  have  suggested,  by  a  committee 
of  the  Institute  and  gone  over  line  by  line.  More  simplicity 
appeals  to  me;  certain  mechanical  features  about  the  report, 
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such  as  a  better  choice  of  letters,  corresponding  to  classes, 
I  think,  can  be  somewhat  improved. 

Inasmuch  as  I  have  bad  some  experience  with  public  service 
commissions  from  the  commission  side,  I  must  say  in  answer  to 
the  fear  that  the  companies  will  object  to  doing  the  various 
things  which  are  suggested  in  this  paper,  that  there  are  two 
answers. 

First,  the  companies  themselves  are  finding  out  that  there  is 
nothing  to  object  to.  A  number  of  companies  in  New  York 
City  are  comparing  costs  with  each  other,  and  the  result  of  this 
comparison  is  more  or  less  public,  but  not  entirely  so.  In  the 
second  place,  companies  will  have  to  do  it  sooner  or  later. 

The  desirability  of  this  sort  of  thing  is,  first,  that  we  want  it 
for  ourselves — ^the  companies  themselves  need  it.  A  man  who 
does  not  know  just  what  he  is  doing  in  the  way  of  costs  in  the 
production  of  power  is  not  running  his  business  properly.  In 
the  second  place,  the  man  who  is  not  able  to  compare  what  he 
is  doing  with  what  the  other  man  is  doing,  cannot  make  prop2r 
progress.  First,  it  is  necessary  to  know  what  we  are  doing  for 
the  sake  of  having  the  knowledge,  and  secondly,  to  compare 
our  operations  with  those  of  others,  which  is  important  in  all 
departments  of  life.  Otherwise  we  cannot  tell  whether  we  are 
moving  or  not,  and  especially  whether  we  are  moving  in  the  right 
direction. 

I  like  the  general  plan  of  the  paper  very  much.  I  think  the 
Institute  has  had  a  tremendous  lot  of  work  done  for  it  of  the  very 
highest  quality.  Just  where  certain  items  should  be  placed,  I 
think  there  is  a  little  doubt.  When  I  first  read  the  paper,  I 
wished  for  educational  purposes  that  depreciation  could  be  put 
among  production  costs.  Many  men  fail  to  realize  that  deprec- 
iation, or  amortization,  if  you  please,  is  an  expense.  There  are 
many  men  who  say:  "Why  should  we  take  part  of  our  profits 
and  put  them  into  depreciation?*'  The  reply  is  that  you  are 
not  earning  profits  until  you  have  paid  for  every  item  you  require 
in  the  operation  of  a  plant.  When  the  machine  is  operated, 
it  is  burning  up  just  as  surely  and  certainly  as  the  coal  under 
the  boiler.  You  do  not  see  it  going  on  inr  just  the  same  way, 
but  it  is  as  surely  taking  place. 

One  of  the  speakers  spoke  of  calamities.  If  a  building  is 
destroyed  by  fire,  I  do  not  know  how  far  you  will  be  able  to  go 
into  a  depreciation  fund  for  that.  I  think  from  the  viewpoint 
of  modem  methods  you  would  be  unfortunate  if  you  did  not 
have  insurance  on  the  building. 

Take  the  division  of  depreciation  into  large  and  small  repairs. 
It  is  an  operating  expense.  There  is  a  question  if  you  reduce 
these  things  into  a  formula,  as  to  what  effect  it  will  have.  You 
may  pay  for  the  repairs  directly  out  of  this  year's  operating 
expenses,  or  you  may  defer  them  and  pay  them  five  years  from 
now  in  the  form  of  larger  repairs.  That  is  a  matter  of  book- 
keeping, but  when  you  introduce  depreciation  into  a  formula 
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and  have  the  results  comparable  with  the  results  of  other  com- 
panies, it  does  make  a  difference,  and  that  would  require  a  great 
deal  of  thought. 

Companies  must  be  put  in  different  classes,  or  you  will  not 
be  able  to  compare  them  justly.  It  would  not  do  to  compare 
a  small  station  with  a  large  one,  or  one  station  with  another 
station  of  a  totally  different  type.  Therefore  we  must  put  the 
stations,  or  whatever  we  are  comparing,  into  various  classes, 
so  that  they  can  easily  be  taken  care  of. 

Finally,  I  want  to  make  a  motion,  Mr.  Chairman,  if  I  may. 
It  has  been  suggested  by  the  authors,  and  in  following  out  their 
wishes  I  desire  to  move  that  it  be  the  sense  of  this  meeting  that 
the  suggestions  made  in  this  paper  be  referred  to  the  Board  of 
Directors  of  the  Institute,  that  they  may  refer  it  to  a  proper 
committee  for  immediate  action,  the  meeting  believing  that  it 
is  extremely  important  that  the  subject  be  brought  as  soon  as 
possible  to  a  practical  basis  for  use  by  the  Institute  members. 

C.  O.  Maillouz:  I  take  pleasure  in  seconding  the  motion. 
I  consider  that  the  Institute  is  to  be  congratulated  again  in 
having  a  paper  of  this  kind  from  Mr.  Stott.  It  is  especially 
to  be  congratulated  upon  the  fact  that  all  of  Mr.  Stott's  papers 
on  central  station  economies  have  been  read  before  the  Institute. 
You  do  not  appreciate  that  now  so  much  as  you  will  a  few  years 
from  now,  when  you  look  back  and  see  the  evolution  of  central 
station  economics  and  come  to  realize  that  Mr.  Stott  is  the  man 
who  really  put  the  matter  on  a  sound  basis.  Some  of  his  papers 
will  then  be  recognized  as  classics  and  we  will  appreciate  their 
value.  A  few  years  hence  engineers  will  look  upon  Mr.  Stott's 
papers  with  the  same  high  respect  that  is  shown  the  classic 
writings  of  Rankine. 

I  think  it  is  very  important,  as  Dr.  McClellan  said,  that  this 
paper  should  be  put  in  the  hands  of  an  intelligent  committee 
especially  fitted  and  qualified  to  deal  with  the  many  questions 
which  the  paper  brings  up,  so  that  the  valuable  data  and  inform- 
ation contained  in  this  paper  may  be  put  in  such  form  that  it 
will  be  made  available  to  the  Institute  members  and  to  the 
profession  of  engineering  in  general. 

Peter  Junkersfeld:  I  feel  that  too  much  has,  perhaps, 
been  attempted.  However,  as  Mr.  Stott  has  said,  the  mat- 
ter is  presented  as  a  target,  and  with  that  explanation,  it  is  very 
well  put,  indeed.  If  this  paper  is  referred  to  a  committee  in 
accordance  with  the  motion  pending,  I  would  suggest  that  such 
committee  look  over  the  field  carefully  and  see  what  has  already 
been  done  in  this  connection. 

We  must  not  asstune  that  no  standardization  so  far  has  taken 
place.  I  would  call  attention  to  the  fact  that  both  the  National 
Electric  Light  Association  and  American  Electric  Railway 
Association  have  a  standard  classification  of  accounts,  and  as 
far  as  power  house  general  classifications  go  they  are  practically 
the  same.    The  National  Electric  Light    Association  has  nine 
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general  headings  for  the  power  house  expense  and  the  American 
Electric  Railway  Association  eight.  I  have  here  a  memorandum 
showing  the  number  of  subdivisions  under  the  various  headings 
of  power  plant  expenses  as  divided  by  the  Commonwealth 
Edison  Company,  which  follow  closely  the  National  Electric 
Light  Association;  those  proposed  by  Messrs.  Stott  and  Gorsuch; 
and  those  proposed  by  the  American  Electric  Railway  Account- 
ants Association.     (See  table  on  next  page.) 

The  most  important  thing  is  to  consider  the  general  head- 
ings, say  eight  or  nine,  so  that  when  we  compare  these  in  differ- 
ent plants  we  will  know  what  we  are  talking  about.  If  we  find 
a  discrepancy,  then  we  can  analyze  and  subdivide,  but  the  sub- 
divisions must,  in  many  cases,  be  different,  because  there  are 
many  local  conditions  that  will  affect  one  place  as  compared 
with  another,  but  the  general  headings  ought  to  be  alike. 

There  are  many  details  which  might  be  discussed.  One 
very  important  point  made  was  that  the  net  output  should 
always  be  considered  and  not  the  gross  output.  It  is  surprising 
how  many  people  throughout  the  country  make  that  error.  It 
is  obvious  that  it  is  not  worth  any  further  discussion.  Net 
output,  in  my  judgment,  should  always  be  used,  and  there  is 
no  excuse  for  using  gross  output. 

So  far,  I  am  speaking  entirely  of  operating  cost.  Now,  on 
the  investment  side  of  the  business,  standardization  is  going  to 
be  more  difficult,  and,  I  would  suggest,  as  a  matter  of  practic- 
ability, and  of  making  the  most  headway,  that  your  committee 
concentrate  its  efforts,  first,  on  comparison  of  operating  costs. 

I  am  afraid  if  they  attempt  to  standardize  the  entire  thing  at 
one  time,  they  will  meet  with  opposition  in  different  parts  of 
the  country.  There  are  many  conditions  all  over  the  country 
where,  if  a  company  should  show  all  its  investment  costs,  it  might 
be  subject  to  difficulties  from  people  who,  through  ignorance, 
or  through  intent,  might  misuse  this  information. 

It  is  possible,  also,  to  segregate  general  expense  a  little  too  far 
in  that  connection.  You  cannot  in  any  line  of  business,  whether 
it  is  a  central  station  lighting  company  or  a  traction  company, 
assume  that  the  power  house  is  an  absolutely  independent  busi- 
ness by  itself.  Therefore  you  must  have  some  general  ex- 
penses which  cannot  be  apportioned  correctly.  You  can 
approximate  them,  but  to  say  as  a  matter  of  record,  that  month 
by  month  so  much  should  go  against  that  station,  and  so  much 
against  another,  is  not  always  getting  at  it  in  accordance  with 
the  actual  condition.  There  may  be  some  extraordinary  work, 
or  some  contingency,  that  will  involve  one  power  house  a  certain 
length  of  time.  During  this  time  any  general  expense  you 
ordinarily  apportion  to  that  ]>ower  house  would  be  far  too  low, 
and  when  that  state  of  affairs  occurs  you  are  fooling  yourself. 
General  expenses  do  not  have  a  constant  ratio  to  each  of  different 
elements  of  the  business. 

Load  factor  is  very  important,  and  I  am  glad  the  authors    i 
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CLASSIFICATION   OP  POWER  PLANT 

EXPENSES. 

Commonwealth  Edison 

Proposed    by 

American  Electric  Railway 

Company 

Messrs.  Stott  and  Gorsuch 

Accountants'  Association 

Management  and  care: 

10  Subdivisions. 

Boiler  Room  Labor: 

(1)  Labor  for  operation: 

12  subdivisions. 

Powerhouse  operating  labor: 

6  subdivisions. 

Engine  room  labor: 
7  subdivisions. 

Electrical  labor: 
0  subdivisions. 

No  subdivisions. 

(3)  Fuel: 

Fuel: 

Fuel: 

6  subdivisions. 

7  subdivisions. 

No  sttbdivlsioii. 

(3)  Water: 

Water: 

Water: 

No  subdivision. 

6  subdivisions. 

No  subdivisions. 

(4)  Lubricants: 

Lubricants: 

Lubricants: 

No  subdivision. 

2  subdivisions. 

No  subdivisions. 

(6)  Station     Supplies     and 

Production  supplies: 

Power  plant  supplies: 

expenses: 

7  subdivisions. 

No  subdivision. 

7  subdivisions. 

Station  expenses: 
4  subdivisions. 

— 

Oi>erating  general  expense: 
6  subdivisions. 

— 

(6)  Maintenance  and  repairs 

of    station    building 

Building  repairs: 

Building  repairs: 

and  property  outside 

6  subdivisions. 

No  subdivision. 

of  station  building: 

4  subdivisions: 

Repairs  to  furnace  and  boilers: 

10  subdivisions. 
Repairs  to  boiler  accessories: 

• 

(7)  Steam     equipment     re- 

8 subdivisions. 

pairs: 

Engine  repairs: 

Equipment  repairs: 

8  subdivisions. 

6  subdivisions. 
Repairs  to  engine  accessories: 

5  subdivisions. 
Repairs  to  piping: 

10  subdivisions: 
Repairs  to  tools: 

4  subdivisions. 

No  subdivision. 

(8)  Repairs  to  electrical: 

Repairs    to    electrical    gener- 

4 subdivisions. 

ators: 
5  subdivisions. 
Repairs    to    electrical    acces- 
sories: 

8  subdivisions. 

Repairs  general  expense: 
4  subdivisions. 

(9)  Purchased  power: 

Purchased  power: 

No  subdivision. 

No  subdivision. 

Summary. 

General  Headings. 
Nine.  twenty. 

Subdivisions. 
Thirty-four  One  hundred  and  thirty-foor 


Eight. 
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brought  it  up.  They  have  pointed  out  that  there  is  a  good  deal 
of  misunderstanding  all  over  the  country  as  to  load  factor. 
Every  time  load  factor  is  used  it  should  be  stated  whether  it  is 
daily,  monthly  or  annual  load  factor,  and  what  kind  of  peak  it 
is  based  on.  In  dealing  with  load  factors  and  maximum  demand, 
we  shotdd  be  very  definite  and  know  just  what  we  are  using, 
know  that  it  is  not  guess  work,  something  really  substantisd, 
an  actual  observation  of  all  the  elements  that  make  up  load 
factor. 

In  figuring  investment  costs,  spare  capacity  is  a  big  item. 
You  may  be  able  to  operate  under  certain  conditions  with  10 
per  cent  spare  capacity.  Under  other  conditions,  with  a  grow- 
ing business,  that  may  be  much  too  close.  I  know  of  situations 
where  20  per  cent  is  too  close,  because  of  the  rapid  growth  of  the 
business.  That  does  not  mean  the  company  always  carries 
20  per  cent,  but  that  is  the  figure  when  everything  goes  well. 
If  there  are  labor  troubles  or  manufacturing  difficulties,  that 
20  pner  cent  in  one  year  may  go  down  to  5  per  cent.  Such  pos- 
sibilities must  be  provided  for. 

As  to  maintenance  and  depreciation,  these  items  often  do  not 
tell  the  whole  story.  If  a  man  has  a  very  low  maintenance 
accoimt  it  is  well  to  look  back  of  that  accotmt  and  see  what  his 
machinery  looks  like.  We  must  consider  very  definitely  both 
maintenance  and  depreciation  when  we  speak  of  these  terms. 
When  we  look  over  the  past,  it  is  one  matter  to  assign  a  certain 
amount  for  depreciation,  but  when  we  look  ahead  we  do  not 
know  what  it  is  going  to  be,  and  we  must  allow  a  reasonable 
amount  to  cover  what  it  may  be.  Past  and  future  depreciation 
are  two  separate  things  and  should  never  be  confused. 

D.  B.  Rushmore:  The  cost  of  power  is  the  basis  of 
nearly  all  engineering  work.  Practically  everyone  is  man- 
ufacturing something  in  which  a  cost  comparison  is  the  basis 
for  decision  between  different  paths  of  action. 

The  specific  point  under  discussion  this  morning  is  one  phase 
of  a  very  general  subject  that  includes  the  cost  of  articles  man- 
ufactured in  practically  every  walk  of  life.  The  farmer  is 
manufacturing  his  products,  the  railroad  man  manufacturing 
transportation,  the  electrical  engineer  manufacturing  electricity, 
or  whatever  else  it  may  be,  and  the  very  fundamental  part  of 
this  engineering  work  is  the  cost  of  the  product.  This  cost  is 
generally  recognized  as  being  divisible  into  a  quantity  which 
varies  according  to  the  output,  and  when  the  consideration  of 
this  specific  case  comes  up  during  the  coming  year  it  will  be  of 
interest  to  those  working  on  it  to  consider  the  broader  tmder- 
lying  fields  which  are  necessarily  involved. 

The  usefulness  of  this  paper  at  the  present  time  is  not  only  to 
operating  men,  but  also  to  a  field  in  which  the  speaker  happens 
to  be  engaged,  that  of  manufacturing  companies.  At  the  present 
time  the  difference  between  hoisting  by  compressed  air  or  hoist- 
ing by  electricity  is  very  largely  one  of  the  cost  of  the  outj^ut, 
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and  the  basis  of  comparison  is  not  very  easy.  It  is  very  difficult 
to  get  the  advocates  of  different  systems  to  agree  regarding  the 
items  which  should  enter  into  the  comparison,  and  until  such  a 
decision  is  reached  it  is  very  hard  to  play  the  game  in  a  proper 
way. 

In  connection  with  the  amortization,  there  is  a  different  class 
of  amortization  in  the  general  field  involved  in  those  pieces  of 
machinery  and  in  those  products  which  have  a  natural  life.  An 
incandescent  lamp  has  a  limitation  to  its  usefulness  which  is 
more  or  less  fixed,  a  motor  approaches  the  dividing  line.  We 
expect  to  wear  it  out  and  throw  it  away.  Larger  machinery 
does  not  wear  out,  but  individual  parts  do,  and  a  few  parts  can 
be  replaced  and  the  condition  of  the  machine  kept  up  to  its 
original  shape. 

The  fact  that  up  to  the  present  time  it  has  been  very  difficult 
to  determine  the  actual  costs  of  power  for  different  plants  and 
operating  conditions,  represents  a  condition  fully  justified  by 
the  fact  that  for  a  concern,  individual  or  company,  to  give  out 
its  manufacturing  cost,  it  must  be  in  a  position  where  these 
cannot  be  used  to  affect  its  condition  adversely,  and  the  advent 
of  the  Public  Service  Commission,  with  the  protection  that  it 
gives,  along  with  its  other  features,  is  one  of  the  reasons  why  it 
is  now  permissible  to  give  more  publicity  to  these  figures.  A 
suggestion  is  made  for  the  coming  year  that  in  order  to  get  the 
most  benefit  from  the  tree  which  is  going  to  grow  from  this 
seed  planted  by  Mr.  Stott  and  his  associate,  that  an  effort  be 
made  to  bring  the  engineers  of  the  Public  Service  Commission 
into  the  Institute  and  to  have  them  in  some  way  affiliated  with 
that  part  of  the  organization  which  will  be  active  in  formula- 
ting these  principles. 

L.  P.  Crecelius:  The  abstract  of  this  paper  begins  with  a 
statement  that  power  cost  should  be  upon  a  basis  of  per  kilo- 
watt-hour net  output.  This  looks  like  a  good  beginning,  and 
the  same  principle  as  laid  down  here  should  be  applied  to  every 
one  of  the  various  groups  which  follow. 

In  the  case  of  I,  Production  and  Production  Repairs  Costs: 
The  proposed  method  seems  proper,  but  care  should  be  excer- 
cised  before  adopting  it  as  standard  in  its  present  form  to  avoid 
upsetting  such  existing  classifications  of  accounts  as  are  now 
standard,  in  extensive  use  and  under  which  a  multitude  of  re- 
ports are  made  to  various  local,  state  and  national  utilities 
commissions.  Such  little  differences  as  appear  in  the  treatment 
of  the  various  accounts  under  this  heading  as  presented  in  the 
paper  are  relatively  unimportant  and  no  great  difficulty  should 
be  experienced  in  getting  them  in  a  proper  shape. 

In  the  case  of  II,  Investment  Costs:  Exception  is  taken  to 
the  proposal  of  apportioning  franchise  and  revenue  tax  and 
charging  some  of  this  expense  out  as  cost  of  power.  The 
reason  for  this  will  be  given  later.  The  miscellaneous  item  of  this 
group  is  open  to  the  same  criticism,  as  will  be  pointed  out  later. 

Digitized  by  VjOOQIC 


19131  DISCUSSION  AT  COOPERSTOWN  1667 

In  the  case  of  III,  General  and  Miscellaneous  Administra- 
tion Expenses: 

Under  this  group  are  a  few  items  which  may  properly  be 
charged  out  as  cost  of  power,  in  the  case  of  certain  corporations, 
but  on  the  other  hand,  it  is  proposed  in  this  paper  to  charge 
as  cost  of  power,  a  great  many  other  items  which  in  my  belief 
cannot  and  should  not  be  included. 

The  time  is  indeed  opportune  for  the  presentation  of  this 
committee  report  to  the  American  Institute  of  Electrical  En- 
gineers with  the  request  that  it  go  before  the  Standards  Com- 
mittee, in  fact  it  is  past  opportime,  and  I  welcome  the  opportun- 
ity thus  afforded  to  present  my  views  on  this  important  matter. 
Tliere  is  no  question  before  the  power  engineer  which  approxim- 
ates in  importance  the  question,  "what  is  the  true  cost  of  power"? 
He  finds  himself  continually  confronted  with  this  question, 
especially,  when  the  proposition  comes  before  him  to  decide 
whether  it  is  wise  to  continue  to  manufacture  power  or  whether 
it  would  not  be  better  to  purchase  power  from  someone  who 
has  the  pectiliar  gift  of  making  it  cheaper.  Again  and  again, 
in  working  up  this  case  little  or  no  information  is  at  hand  and 
rarely  can  anything  better  befoimd  to  substitute  imaginary 
estimates  in  order  to  secure  the  significance  of  the  value  of  a 
great  many  obvious  but  ordinarily  obscure  items  such  as,  for 
instance,  administration  expense,  casualties,  extraordinary 
maintenance,  etc.  The  greatest  use  to  which  this  method  of 
determining  and  comparing  costs  in  steam  plants  will  be  applied 
is  in  connection  with  extensions  and  betterments  to  existing 
power  plants,  and  in  the  matter  of  determining  a  proper  basis 
for  the  purchase  of  power.  Therefore,  let  the  method  and  its 
arrangements  be  such  that  the  true  cost  of  power  will  result. 

My  objection  to  the  proposal  of  permitting  much  of  the  general 
and  miscellaneous  administration  expense  of  a  corporation 
other  than  a  purely  power  producing  concern  to  be  charged 
out  as  power  cost  is  based  simply  upon  this  illustration ;  a  rail- 
way company  operating  power  plants,  is  in  need  of  betterments 
for  extensions  or  otherwise,  and  is  at  once  approached  with  the 
subject  of  purchasing  power.  An  analysis  of  its  present  cost 
is  made  and  compared  with  other  plants  for  such  information 
as  is  available  and  the  possibilities  of  the  betterments  as  reflected 
upon  the  future  power  cost  are  brought  out.  Now,  however, 
if  the  cost  of  power  is  found  upon  the  basis  proposed  in  this 
paper,  it  is  burdened  with  a  great  many  foreign  miscellaneous 
expenses  such  as  the  salaries  of  executive  officers  and  the 
presidents*  or  directors*  travelling  expenses  to  a  conven- 
tion, a  portion  of  which  is  here  proposed  to  be  called 
power  cost;  the  chief  counsel's  expenses  in  connection  with 
appearing  before  a  utilities  commission  on  some  question 
other  than  power,  is  also  called  power  cost,  and  so  on.  When 
all  these  items  are  added  to  the  cost  of  power  under  this  plan,  it 
is  decided  to  piu-chase  power  rather  than  to  make  additional 
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investments,  and  the  old  equipment  is  scrapped  and  written 
off  the  books.  The  result:  it  is  soon  discovered  that  the 
administration,  general  and  miscellaneous  expenses  still  continue 
with  the  corporation  which  now  purchases  its  power;  no  reduct- 
ion in  these  items  is  noticed;  an  allowance  for  this  expense  has 
been  made  in  the  cost  of  the  purchased  power  and  we  now  find 
the  situation  where  for  a  great  many  years  the  railway  is  obliged 
to  pay  this  expense  doubled. 

The  ready  means  which  were  at  first  available  to  relieve  it- 
self of  a  portion  of  the  expense  of  these  items  on  the  score  of 
power  cost  as  had  been  practised  before  shutting  down  its  power 
power  plants,  are  now  gone;  secondly,  the  railway  has  permitted 
this  previous  expense  which  was  called  power  cost,  to  be  added 
to  all  the  power  which  it  now  purchases.  In  the  face  of  this 
situation,  my  suggestion  is,  first,  that  a  good  rule  to  follow  with 
reference  to  these  miscellaneous  revenue  and  income  tax  expenses, 
administrative  office  and  miscellaneous  expenses,  is  to  charge 
only  that  portion  which  would  disappear  in  the  event  that  power 
was  purchased,  and  secondly,  that  the  report  as  presented  by 
this  committee  should  receive  more  consideration  in  this  respect, 
again  going  before  a  committee  and  every  angle  of  this  complex 
subject  being  carefully  analysed. 

W.  G.  Carlton:  The  summary  of  operation  and  mainten- 
ance costs  or  as  called  by  the  authors,  the  "Production  and  Pro- 
duction Repair  Costs",  is  sufficient  for  moderate  size  power 
stations  without  going  into  all  of  the  detail  given  on  pages 
1620  el  seq.  A  monthly  comparison  on  substantially  the  same 
basis  as  this  simimary  has  been  made  for  several  years  by  six 
electric  power  stations  in  and  near  New  York  City;  these  power 
stations  having  monthly  outputs  ranging  from  2,000,000  to 
18,000,000  kw-hr.  This  method  was  shown  by  Mr.  B.  F.  Wood 
in  a  paper  on  Electrical  Operation  of  the  West  Jersey  and 
Seashore  Railroad,  presented  at  the  annual  convention  of  the 
Institute  at  Chicago  in  1911. 

In  addition  to  giving  the  unit  costs  per  kw-hr.,  it  is  frequently 
convenient  to  have  the  total  cost  stated,  especially  in  the  smaller 
items,  since  a  better  idea  of  their  importance  can  be  grasped 
from  the  total  money  involved,  than  from  the  imit  costs. 

August  H.  Eruesi:  This  paper  will  be  the  more  rapidly 
adopted  and  be  more  valuable  the  more  general  it  is  made.  I 
recommend  that  its  scope  be  extended  to  include  those  electric 
light  and  railway  companies  which  also  produce  steam  for  heat- 
ing, of  which  there  are  a  large  number  in  this  country.  The 
method  would  then  be  applicable  to  a  very  large  number  of 
industrial  power  plants  which  not  only  produce  electrical  power, 
but  exhaust  steam  for  heating,  and  live  steam  for  manufacturing, 

I  believe  in  connection  with  the  comparison  of  costs  that  the 
load  factor  is  not  sufficient;  that  we  ought  to  take  into  con- 
sideration not  only  the  machine  load  factor,  but  what  we  may 
call  the  station  capacity  factor.     We  might  divide  both  the  max- 
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imum  load  and  the  monthly  output  by  two  and  still  get  the  same 
load  factor,  but  a  large  part  of  the  operating  cost  per  unit  of 
output  would  be  twice  as  great,  the  fixed  charges  per  imit  of 
output  twice  as  great,  and  the  costs  tremendously  affected. 
The  proposed  inverse  foiuth  root  relationship  is  represented 
by  curves  as  shown  in  the  paper,  or  as  in  Fig.  2  herewith.  I 
suggest  that  instead  of  dealing  with  the  costs  per  unit  of  out- 
put we  should  deal  with  the  total  output  and  the  total  cost. 
The  relationship  is  then  represented  by  an  approximately  straight 
line  as  in  Fig.  1  herewith.     This  I  think  will  facilitate  comparison 
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Fig.  1 — Relative  Costs  for 
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Fic.  2 — Relative  Costs  for 
4000-KW.  Power  Station 


and  will  be  more  readily  imderstood  by  the  accoimtants  and  the 
executives  who  have  to  deal  with  such  questions,  as  well  as  by 
the  engineers.  If  it  is  desired  to  deal  with  an  equation  rather 
than  by  plotting,  Fig.  1  permits  an  equation  which  is  much  easier 
to  use.  The  actual  performance  of  a  certain  steam  turbine 
station  is  represented  by  Figs.  1  and  2.  Whether  the  plotted 
results  will  always  lie  on  a  perfectly  straight  line  or  not  does 
not  matter  and  does  not  make  the  method  suggested  any  less 
accurate  than  the  proposed  inverse  fourth  root  method. 

D.  C.   Jackson:     This  communication  of  Messrs.  Stott  and 
Gorsuch  is  an|[important  addition  to  the  extended  series  of. 
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truly  classical  papers  which  have  been  produced  by  Mr.  Stott 
and  his  assistants.  There  are  two  quite  distinct  and  yet  closely 
related  features  in  this  paper.  One  is  the  proposal  that  suitable 
records  shall  be  kept  by  power  companies,  and  the  presentation 
of  a  method  of  keeping  them.  The  other  is  the  statement  of 
Mr.  Stott^s  new  inverse  fourth  root  rule  of  the  cost  of  power 
as  it  is  affected  by  load  factor.  In  respect  to  the  latter,  I  have 
made  some  tests  of  the  application  of  the  rule  to  certain  relatively 
small  generating  stations  which  have  enjoyed  a  steadily  improv- 
ing load  factor  for  a  number  of  years  and  in  which  the  super- 
vision has  been  good.  Comparing  the  cost  of  power  production 
plus  repairs  in  the  different  years,  the  results  come  out  in  satis- 
factory accord  with  the  inverse  fourth  root  rule,  which  indicates 
that  we  here  have  a  rule  which  is  not  only  applicable  to  enormous 
plants  but  that  it  is  of  general  applicability.  The  rule  may  there- 
fore be  made  of  much  value  in  studying  the  advantage  to  an 
electric  power  enterprise  which  may  arise  from  obtaining  a 
load  of  improved  load  factor.  It  cannot  be  applied,  however, 
as  between  two  different  plants  unless  they  are  alike  in  character 
and  organization.  Take  one  plant  with  30  per  cent  load  factor 
annually,  and  another  plant  with  45  per  cent  load  factor  annually, 
and  if  they  are  quite  different  plants,  you  cannot  compare  them 
by  this  rule  without  maldng  a  prorate  with  respect  to  the  cost 
of  labor  and  the  cost  of  coal.  Even  then  one  can  scarcely  expect 
to  get  an  important  comparison  between  two  such  plants 
through  the  inverse  fourth  root  method.  Some  other  curves 
will  apparently  have  to  be  made  besides  those  which  Mr.  Stott 
has  suggested  in  the  paper,  to  obtain  value  from  such  a  com- 
parison, yet  it  is  worth  trying  to  extend  the  method  so  that  it 
may  be  used  to  find  a  relative  figure  of  merit  for  plants  under 
diverse  conditions. 

I  want  to  speak  of  the  need  of  extending  this  study  of  cost 
of  power  beyond  the  power  house.  The  power  house  cost  is 
not  the  whole  cost  of  power  to  the  average  company.  The 
average  company  is  not  only  a  manufacturer,  but  a  distributor, 
and  the  delivery  cost  is  really  one  of  the  most  important  items 
in  a  large  number  of  cases.  In  fact  the  delivery  costs  may  be 
greater  than  the  production  costs,  and  under  these  circumstances 
we  should  not  be  satisfied  to  stop  at  a  study  of  power  house 
costs.  This  is  a  problem  that  needs  the  joint  consideration  of 
the  engineers  and  the  auditors,  and  until  such  cooperation  is 
brought  about  in  our  electric  companies,  power  costs  will  not 
be  fully  figured  and  known  and  the  lowest  profitable  prices 
which  can  be  made  for  classes  of  customers  will  not  be  determined. 

I  will  not  attempt  here  to  go  into  the  details  of  this  paper. 
A  classical  paper  does  not  ordinarily  lend  itself  to  discussion 
in  detail;  and  this  paper  like  its  type  is  a  stimulus  to  study 
rather  than  discussion. 

Ralph  D,  Mershon:    Professor  Jackson  is  in  favor  of  extending 
the  study  of  power  costs  to  the  distribution  system.    Before, 
doing  so  it  would  be  well  to  agree  a^  to  the  meaning  of  somelc 
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of  the  terms  usually  employed  in  such  a  discussion.  For  in- 
stance, we  should  have  an  authoritative  and  acceptable  def- 
inition of  "  load  factor."  As  it  is  now,  when  a  man  talks  about 
load  factor  one  cannot  be  sure  just  what  he  means.  Some 
persons  associate  the  load  factor  with  the  station,  making  it 
depend  upon  the  load  in  relation  to  the  rated  capacity  of  the 
station.  To  my  mind  the  load  factor  is  a  characteristic  of  the 
load  and  has  nothing  to  do  with  the  station.  The  Institute  has 
a  definition  of  load  factor,  but  this  definition  is  far  from  being 
definite,  and  does  not  appear  to  be  acceptable  to  other  electric^ 
organizations.  The  endeavor  should  be  made  to  give  the  terms 
we  employ  such  definitions  as  will  be  acceptable  generally,  and 
so  expUcit  that  when  a  term  is  used  there  will  be  no  imcertainty 
as  to  the  meaning  it  is  intended  to  convey. 

P.  W.  Sothman:  I  agree  thoroughly  with  Mr.  McClellan 
that  we  should  publish  statistics  freely.  The  advantage 
gained  from  statistics  is  very  obvious,  in  that  they  will  help 
us  to  make  comparisons  and  stimulate  us  in  our  endeavors  to 
obtain  the  highest  efficiency. 

I  think  Messrs.  Jimkersfeld  and  Mershon  are  right  with 
regard  to  the  load  factor.  The  more  I  think  of  it,  the  less  I 
find  I  know  about  it.  The  matter  should  be  referred  to  the  Com- 
mittee on  Standards  of  the  Institute  for  elucidation. 

H.  M.  Hobart:  I  think  a  brief  allusion  should  be  made 
to  the  influence  of  power  factor  on  the  cost  of  manufacturing 
electricity.  It  is  apt  not  to  be  recognized  how  greatly  the  power 
factor  affects  the  cost.  It  is  generally  thought  that  it  affects 
exclusively  the  cost  of  the  transmission  Hne,  the  substations 
and  the  distribution  system.  But  when  you  go  into  the  matter 
seriously  you  \rill  find  it  makes  a  decided  difference  in  the  cost 
of  the  electricity  as  delivered  at  thev^utgoing  cables  of  the  central 
station.  I  am  of  opinion  that  in  these  schedules  some  account 
should  be  taken  of  the  power  factor.  Of  course,  also,  the  kind 
of  electricity,  the  form  in  which  it  is  delivered  to  the  outgoing 
cables,  makes  a  large  difference.  When  it  is  delivered  in  the 
single-phase  form  it  costs  more  than  when  it  is  delivered  in  the 
three-phase  form.  The  turbines  may  be  of  the  same  size,  but 
when  you  take  into  account  the  increased  size  of  the  generators 
and  their  lower  efficiency  when  designed  for  single-phase,  it  is 
found  to  make  a  very  decided  difference.  The  difference  is 
apt  to  be  confused  with  the  circumstance  that  this  single-phase 
electricity  for  the  purpose  for  which  it  is  now  required  on  a 
large  scale  is  always  associated  with  a  low  power  factor.  The 
aggregate  result  of  being  required  to  deliver  the  electricity  at 
a  low  power  factor,  and  at  the  same  time  in  the  single-phase 
form,  is  to  occasion  a  very  serious  difference  in  the  cost  of  elec- 
tricity, which  certainly  must  be  taken  into  account.  It  is  utterly 
erroneous  to  consider  that  the  two  kinds  of  electricity  can  be 
produced  at  substantially  the  same  cost. 

I  was  glad  to  notice  in  the  paper  and  also  in  the  discussion 
the   increased  tendency  to  express  the  capacity  of  the  station 
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in  terms  of  the  millions  of  kilowatt-hours  per  aimtrai  to  be  de- 
livered, rather  than  in  terms  of  the  rated  capacity  in  kilowatts, 
because  when  you  come  to  the  rated  capacity  in  kilowatts  it 
is  diffictdt  to  apply  a  definite  rating  to  a  station.  In  looking 
into  the  matter  of  the  thermal  regulation  of  turbo-generators, 
one  finds  that  a  large  generator  which  will  deliver  an  output  of 
imity  for  a  given  ultimate  temperature  of  its  windings  on  the 
coldest  day  of  winter,  will  have  its  capacity  brought  down  to 
something  like  five-tenths  on  the  hottest  summer  day,  so  that 
you  can  hardly  put  on  the  nameplate  of  the  generator  a  rating 
in  kilowatts,  when  it  varies  from  two  to  one  from  the  coldest 
day  in  winter  to  the  hottest  day  in  summer,  provided  you  want 
to  consider  that  the  limitation  to  the  output  of  the  generator  is 
the  temperature  of  the  hottest  part  of  its  windings. 

Paul  M.  Lincoln:  I  want  to  make  a  few  remarks  on  the 
matter  of  load  factor.  We  have  been  told  that  when  we  talk 
about  load  factor  we  do  not  convey  any  idea  of  what  we  are 
talking  about.  I  do  not  think  that  is  exactly  true.  I  might 
use,  as  an  illustration,  that  if  I  should  say  I  saw  a  dog  on  the 
lawn,  you  would  know  in  general  what  I  was  talking  alxnit,  but 
you  would  not  know  whether  I  was  talking  of  a  dachshund  or 
cocker  spaniel,  or  some  other  kind  of  dog.  If  I  wanted  to  con- 
vey the  idea  of  what  particular  kind  of  dog  I  was  speaking  about, 
I  shotdd  have  to  say  I  saw  a  male  cocker  spaniel  pup  a  few  weeks 
old,  having  such  and  such  characteristics.  We  are  doing  exactly 
the  same  thing,  when  we  speak  about  load  factor.  When  I 
say  load  factor,  you  know  in  a  general  way  what  I  am  talking 
about.  It  is  a  generic  term,  not  specific;  it  is  the  difficulty  with 
the  speaker,  as  a  rule,  that  he  does  not  define  exactly  what  he 
means.  But  if  I  should  speak  of  the  daily  load  factor,  based 
on  a  fifteen-minute  maximum,  you  would  know  what  I  meant, 
and  if  I  should  speak  of  a  yearly  load  factor,  based  on  a  one 
hour  maximum,  you  would  know  what  I  was  talking  about. 
The  term  **load  factor*'  is  perfectly  defined  in  its  generic  sense, 
and  if  the  speaker  wishes  to  be  more  definite,  it  is  up  to  him  to 
put  in  the  proper  qualifications. 

Ralph  D.  Mershon:  Will  your  remarks  a]^ply  to  the  case 
where  the  load  factor  is  the  ratio  between  the  average  load 
on  the  station  and  the  generating  capacity  you  have  in  it? 

Paul  M.  Lincoln:  That  is  not  load  factor,  that  is  something 
else. 

Ralph  D.  Mershon:    Most   people  call  it  load  factor. 

Paid  M.  Lincoln:  Load  factor  is  something  that  applies  to  the 
load  and  not  to  the  station  that  carries  the  load. 

W.  S.  Gorsuch:  The  formula  on  page  1650  has  been  criti- 
cised by  Mr.  Floy,  because  "  general  and  miscellaneous  ad- 
ministration expenses"  are  not  included.  These  items  can  be 
added  in  the  same  way  as  "Investment  Costs,"  making  cor- 
rection for  load  factor  only,  as  explained  on  page  1648.  How- 
ever, it  is  not  the  purpose  of  the  formula  to  express  the  total 
cost  of  power  but  to  show  after  applying  correction  factort  the 
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relation  of  those  costs  which  depend  upon  the  station  design, 
efficiency  and  management,  as  illustrated  and  explained  on 
pages  1646  and  1647. 

To  compare  two  plants  from  a  purely  operating  point  of  view, 
it  is  proposed  to  correct  for  the  "Average  Daily  Wages  per  Man'* 
and  the  cost  and  quality  of  coal  or  "Figure  of  Merit",  as  these 
two  items  are  materially  affected  by  local  conditions  over  which 
the  station  manager  may  have  little  or  no  control.  The  other 
items  of  production  and  production  repairs  are  practically  factors 
of  station  condition,  design  and  management  and  can  be  directly 
compared  without  making  any  corrections.  The  Investment 
and  Administration  Costs  are  independent  of  how  a  station  is 
operated  or  managed,  and  these  items  can  be  compared  directly 
on  kw-hr.  net-output  basis  without  any  corrections,  to  see 
whether  or  not  either  station  is  unduly  burdened  with  such 
charges.  One  plant  may  be  carrying  more  surplus  capacity 
than  is  necessary  and  for  which  there  may  not  be  any  demand 
in  the  immediate  future.  If  a  correction  factor  were  applied  to 
every  item  of  cost,  a  hypothetical  station  would  be  set  up  equiv- 
alent to  the  plant  taken  as  standard  of  comparison,  with  the  nat- 
ural result  that  the  power  costs  for  both  plants  would  be  prac- 
tically the  same. 

I  do  not  know  of  any  life  expectancy  table  that  is  gener- 
ally accepted  by  engineers,  as  has  been  stated.  Further, 
the  life  expectancy  table  used  in  the  illustration  is  not 
given  for  the  purpose  of  setting  up  a  standard,  for  there  cannot 
be  any  standard  in  the  sense  that  the  table  is  used  in  the  paper. 
An  independent  life  expectancy  table  should  be  established 
at  the  beginning  for  each  plant  and  readjusted  at  certain  periods. 
If  two  plants  are  equipped  with  similar  apparatus  and  installed 
about  the  same  time,  the  life  expectancy  tables  at  the  start 
wotdd  naturally  be  the  same.  If,  on  the  other  hand  two  plants 
shotdd  be  installed  a  period  of  years  apart  with  similar  equipment 
the  life  expectancy  tables  may  be  correspondingly  different 
for  certain  apparatus.  One  company  may  purchase  and  install 
apparatus  that  will  soon  become  obsolete  while  another  company 
may  have  had  similar  apparatus  in  service  for  several  years, 
in  which  case  it  wotdd  not  be  consistent  to  apply  the  same  life 
expectancy  table  when  each  plant  was  put  in  operation. 

In  comparing  the  power  costs  of  any  two  stations  with  a 
view  to  purchasing  and  interchanging  power  or  combining  plants, 
it  is  essential  to  see  that  the  life  expectancy  tables  are  not 
relatively  too  low  or  too  high.  What  the  whole  scheme  really 
amounts  to  is  to  establish  a  reasonable  independent  life  expect- 
ancy table  at  the  beginning  for  each  plant,  so  that  the  percentage 
estimated  to  be  set  aside  will  be  sufficient  to  replace  the  appar- 
atus when  it  becomes  obsolete  or  inefficient. 

The  expenses  of  personal  injuries,  other  property  damages 
and  pensions,  chargeable  to  the  power  plant  should  be  determined 
independently,  as  they  are  relatively  small  in  comparison  with 
those  of  other  departments  of  a  railway  or  lighting  company. 
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These  expenses  may  be  incurred  by  straight  operation  or  diiring 
repairs  and  it  is  proposed  to  charge  them  to  production  or  pro- 
duction repairs  as  the  case  may  be. 

Mr.  Schwartz  seems  somewhat  apprehensive  regarding  the 
application  of  the  "Reduction  Factor"  for  labor  when  comparing 
a  hand-fired  with  a  stoker-operated  plant.  While  it  is  true  that 
there  will  be  more  men,  and  that  the  ''Average  Daily  Wages  per 
Man"  may  be  lower  in  a  boiler  room  that  is  hand  fired  than  in 
one  using  mechanical  stokers,  yet  it  is  equally  true  that  one  plant 
may  have  too  many  other  classes  of  men  in  the  station  due  to 
bad  management,  poor  arrangement  and  kind  of  equipment  etc. 
If  it  is  desired  to  know  what  the  stoker  operated  plant  with  its 
entire  equipment  can  do,  provided  the  lower  price  of  coal  and 
lower  (possibly)  "Average  Daily  Wages  per  Man"  of  the  hand 
fired  plant  can  be  obtained,  it  will  be  perfectly  fair  to  apply  the 
"Reduction  Factors"  for  coal  and  labor  as  outlined  in  the  paper. 
It  may  be  that  a  hand-fired  plant  has  a  lower  "Average  Daily 
Wages  per  Man"  with  practically  the  same  "Figure  of  Merit" 
of  coal  as  the  stoker-operated  plant  with  which  it  is  being 
compared,  in  which  case  it  will  be  necessary  to  increase  the  cost 
of  labor  of  the  hand  operated  plant  for  comparative  pur^ses. 

In  reply  to  Mr.  Schwartz's  suggestion  that  in  determining 
the  "Figure  of  Merit"  of  coal,  volatile  matter,  sulphur  and  other 
ingredients  than  that  of  ash  should  be  considered.  I  wish  to 
say  that  it  would  be  very  difficult  to  correct  for  many  of  the  fac- 
tors, and  further,  the  variation  of  some  is  so  small  as  not  to 
materially  affect  the  "Figure  of  Merit".  For  illustration,  in 
comparing  two  coals  it  will  require  a  difference  of  30  per  cent 
in  hydrogen  to  make  a  difference  of  about  1  per  cent  in  the 
"Figure  of  Merit". 

Regarding  the  question  whether  it  would  not  be  better  to 
give  the  total  cost  of  each  item  under  the  various  groups  instead 
of  the  cost  in  cents  per  kw-hr..  net  output  which  in  some  cases 
will  be  a  decimal  of  several  ciphers,  it  will  not  be  possible  to 
compare  corresponding  items  of  two  stations  on  the  same 
basis  unless  reference  is  made  to  the  kw-hr.  net  output. 

The  charges  covered  by  Group  P.A.  "Management  and  Care" 
would  naturally  be  distributed  among  all  the  other  groups, 
but  this  would  be  very  difficult  to  do,  as  some  rule  or  assump- 
tion of  distribution  would  have  to  be  made  which  would  vary  for 
different  stations.  For  comparative  purposes  it  seems  to  be 
advisable  to  group  these  costs  as  outlined. 

If  the  percentage  to  be  annually  charged  to  the  "Amortization 
Fund"  is  determined  by  using  the  average  weighted  life  and  the 
total  cost  of  the  plant,  it  will  be  found  after  a  period  of  years 
that  there  will  not  be  sufficient  funds  to  cover  the  required 
replacements.  The  proper  way  to  arrive  at  this  percentage  is 
to  determine  the  amount  to  be  set  aside  annually  for  each  main 
item  as  outlined  in  Table  I  and  then  determine  the  rate  by 
takingthetotalannualchargeandthetotalamount  to  be  amortized. 
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Regarding  the  question  as  to  whether  the  relationship  between 
load  factor  and  cost  of  production  plus  production  repairs  as 
expressed  by  the  inverse  fourth  root  law  is  applicable  to  small 
plants,  this  law  will  hold  for  plants  of  5000  kw.  capacity  and 
probably  smaller. 

There  seems  to  be  a  difference  of  opinion  as  to  whether  the 
"General  and  Miscellaneous  Administration  Expenses"  should 
be  included  in  the  cost  of  power.  For  the  purpose  of  comparing 
the  cost  of  power  from  an  operating  point  of  view,  it  is  not  neces- 
sary. However  for  the  purpose  of  exchanging  or  selling  power 
a  portion  of  these  expenses  should  be  included  in  order  to  obtain 
the  true  cost  of  power  to  the  company.  A  portion  of  the  admin- 
istration expenses  is  required  to  make  and  keep  the  plant  a 
going  concern,  such  as,  the  purchase  and  distribution  of  fuel 
and  material,  drawing  up  contracts  for  materials  and  apparatus 
used  in  repairs,  adjusting  claims,  relief,  handling  pay  rolls,  etc. 
Taxes  are  also  imposed  on  the  company  for  the  privilege  of 
operating. 

Aside  from  the  above,  if  a  company  desires  to  determine 
whether  it  will  be  cheaper  to  purchase  power,  it  will  be  necessary 
to  exclude  such  items  that  will  not  disappear  and  include  those 
that  will  disappear  in  the  event  of  power  being  purchased. 
This  not  only  applies  to  ^'General  and  Miscellaneous  Adminis- 
tration Expenses"  but  also  to  "Investment  Costs".  For  in- 
stance, the  bondholders  may  require  that  the  plant  be  kept 
intact  and  not  dismantled  and  scrapped.  In  contemplating 
the  purchase  of  power,  the  conditions  should  be  considered 
under  which  the  proposition  is  made  before  comparing  power 
costs,  as  items  that  will  disappear  in  one  case  may  not  disappear 
in  another. 

I  do  not  see  that  it  is  necessary  for  any  classification  of  ac- 
counts that  may  be  decided  upon  for  determining  and  comparing 
power  costs,  to  conform  strictly  to  any  Public  Service  Com- 
mission Classification.  However,  the  grouping  should  be 
arranged  so  that  any  Public  Service  Report  can  be  compiled 
from  it. 

The  amount  of  the  miscellaneous  items  in  each  group  will  be 
relatively  small  as  any  appreciable  expenditure  can  be  charged 
to  a  definite  item. 

E.  D.  Dreyfus  (by  letter):  We  have  long  felt  the  need  of 
establishing  criteria  for  measuring  the  performance  of  our  power 
plants.  If  the  movement  Mr.  Stott  and  his  associate  have  in- 
augtirated  will  be  conducted  in  the  manner  it  deserves,  benefits 
to  industries  are  bound  to  result.  Some  stations  under  efficient 
and  progressive  management  have  established  results  which 
should  be  fairly  taken  as  bench  marks  from  which  other  stations 
should  measure  their  performance. 

Conditions,  of  course,  vary  widely  and  the  authors  have 
focused  attention  upon  those  which  were  of  the  most  serious 
nature  and  have  proposed  formulas  to  reduce  the  operating  con- 
ditions of  different  plants  to  a  more  or  less  common  basis.  f^rina\c> 
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In  connection  with  the  formiila  at  the  bottom  of  page  1648, 
it  is  the  writer's  opinion  that  in  a  great  many  plants  there  would 
be  either  difficulty  or  a  great  deal  of  additional  work  to  adequately 
and  satisfactorily  determine  the  percentage  of  combustible 
in  the  ash.  For  simplification  I  would  propose  that  this  formula 
be  modified  so  that  the  "figure  of  merit"  could  be  ascertained 
directly  from  the  coal  analysis  and  the  total  effect  of  the  per- 
centage of  the  ash  taken  care  of  somewhat  in  accordance  with 
the  results  obtained  by  Mr.  W.  L.  Abbott  in  a  long  series  of 
tests  conducted  in  Chicago  upon  the  effect  of  variation  of  per- 
centage of  ash  in  the  fuel  and  which  was  published  in  the  pro- 
ceedings of  the  Western  Society  of  Engineers,  1906.  Also,  I 
wish  to  call  attention  to  the  fact  that  the  use  of  the  long  ton  con- 
fines this  formula,  more  or  less,  to  sections  in  and  around  New 
York.  I  believe  according  to  government  reports  that  over 
ninety  per  cent  of  the  coal  mined  is  sold  on  the  short  ton  basis. 

The  authors  have  adopted  a  factor  termed,  "The  Average 
Daily  Wages  per  Man".  In  this  connection  I  might  mention 
another  point  which  might  have  some  bearing,  and  that  is  that 
some  operating  companies  work  on  a  very  much  closer  margin 
as  regards  the  number  of  men  engaged  in  running  the  power 
house  than  others.  Some  companies  hold  more  men  in  reserve 
for  emergency  and  figure  that  the  cost  of  this  insurance  is  worth 
while;  while,  on  the  other  hand,  other  companies  view  the  matter 
from  the  standpoint  that  it  is  best  to  keep  the  labor  cost  down 
to  the  minimum  and  economy  thus  effected  will  more  than  offset 
any  probable  loss  due  to  emergency  which  might  have  been 
largely  offset  by  having  extra  men  working  around  the  power 
house  and  in  readiness  to  do  emergency  duty. 

As  the  writer  understands  it,  as  far  as  the  present  analysis  goes, 
it  is  probably  the  intention  to  compare  stations  of  practically 
the  same  size.  Although  it  might  seem  a  difficult  matter  to 
establish  a  relative  sc^e  for  plants  of  different  capacity.  I 
believe  this  phase  could  be  worked  out  in  a  satisfactory  and 
dependable  way  through  a  synthetical  study.  There  will 
probably  be  times  when  it  will  be  desirable  to  compare  stations 
of  different  capacities  regarding  which  the  other  operating  con- 
ditions are  very  similar. 

As  is  obvious,  the  question  of  power  plant  comparisons  is. 
to  a  large  extent,  involved,  and  the  authors  are  to  be  highly 
commended  for  the  steps  they  have  taken  to  overcome  the 
apparent  obstacles^  and  ^make  [comparisons  of  practical  and 
definite  value. 

Charles  S.  Ruffner  (by  letter) :  The  power  costs  of  two  given 
plants  will  differ  because  of  size,  cost  of  labor,  fuel  and  other 
supplies,  the  average  use  of  maximum  load  or  load  factor,  the 
relation  of  maximum  demand  to  total  capacity,  investment, 
efficiency  of  management,  and  the  degree  of  proper  coordination 
of  each  unit  of  equipment  as  regards  relative  capacity  and  loca- 
tion.   The  paper  of  Messrs.  Stott  and  Gorsuch  attempts  to 
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compare  power  costs  by  eliminating  or  equating  three  of  these 
variables,  cost  of  labor,  cost  of  fuel  and  load  factor,  with  the 
obvious  purpose  of  determining  the  last  two,  viz.,  efficiency  of 
operation  and  efficiency  of  original  design. 

Like  all  comparative  analyses  of  costs  and  efficiencies  the 
problem  is  one  containing  so  many  variables  as  to  make  difficult 
a  mathematical  solution,  and  it  has  often  been  questioned 
whether  the  generalized  results  obtained  by  such  studies  justify 
the  elaborate  processes  involved. 

Comparative  costs  of  generating  electrical  energy  are,  however, 
becoming  of  increasing  importance.  The  determination  of 
reasonable  rates  by  regulating  commissions  raises  the  question 
of  relative  efficiency.  The  value  of  a  water  power,  where  such 
a  separate  value  exists,  involves  the  question  of  the  financial 
economy  of  hydraulic  generation  over  other  available  processes, 
and  while  the  present  paper  relates  to  steam  plants  only,  similar 
methods  must  be  developed  for  making  such  comparisons  of 
various  types  of  generation.  Large  operating  syndicates  are 
in  need  of  concrete  methods  of  analyses  for  comparing  the  restdts 
obtained  by  the  various  plants  under  their  supervision.  The 
necessity  of  a  comprehensive  scheme  of  analyses  for  these  pur- 
poses will  outweigh  the  limitations  of  comparative  methods 
such  as  those  outlined  in  the  paper. 

The  classification  of  accounts  which  comprises  the  larger  por- 
tion of  the  paper  is  not  essential  to  the  scheme  of  analysis  out- 
lined. Central  stations  are  generally  operating  under  class- 
ifications reconmiended  by  the  National  Electric  Light  Associa- 
tion, or  the  American  Electric  Railway  Association  or  pre- 
scribed by  state  commissions.  These  accotmting  systems  seg- 
regate the  operating  cost  at  switchboard  from  other  operating 
costs  and  subdivide  this  general  group  into  station  labor  fuel, 
miscellaneous  operating  expenses  and  maintenance  items  similar 
to  those  provided  in  the  paper.  While  the  proposed  classifica- 
tion has  many  novel  features  it  is  not  suited  to  all  sized  plants, 
does  not  take  into  account  the  possibility  of  the  steam  plant 
being  used  for  other  than  steam  generation  purposes,  evidently 
overlooks  the  impracticability  of  separately  segregating  general 
and  undistributed  expenses  belonging  to  power  costs  from  other 
portions  of  the  business  and  introduces  terminology  much  at 
variance  with  established  practise.  Present  central  station 
accounting  methods  have  been  gradually  developed  after  years 
of  experimentation  and  after  consideration  of  the  joint  needs  of 
the  operating  manager,  the  accountant  and  the  engineer,  and  it 
is  difficult  to  see  what  ptu"pose  will  be  accomplished  by  the 
changes  contemplated.  The  accotmts  of  any  up-to-date  electric 
utility  permit'  separation  into  the  items  of  Production  Cost, 
Production  Repair  Cost  and  Investment  Cost,  the  sum  totals  of 
which  are  used  in  the  scheme  of  analysis,  and  will  disclose  the 
proportionate  amount  of  expense  burden  applicable  to  these  costs. 

The  most  important  feature  of  the  plan  outlined  for  compar- 
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ing  costs  is  the  load  factor.  The  effect  of  load  factor  upon  the 
investment  costs  is  not  diffictdt  of  detennination  since  these 
costs  per  unit  are  an  inverse  function  of  the  use.  Question  may 
be  raised,  however,  as  to  the  basis  of  calculating  what  the  invest- 
ment charges  really  are. 

Interest  and  profit  are  inseparably  associated  in  "rate  of 
return"  and  few  investors  or  bankers  would  finance  a  power 
plant  with  the  expectation  of  receiving  only  a  five  per  cent  rate 
of  return  on  their  investment.  It  is  true  that  money  is  often 
borrowed  at  five  per  cent  interest  for  short  terms  or  for  long 
periods  where  the  security  is  gilt  edge,  that  is,  with  a  substantial 
equity.  The  owners  of  the  equity,  however,  expect  larger  rates 
of  return  than  five  per  cent,  either  through  the  payment  of  inter- 
est or  dividends  or  appreciation  in  market  prices  of  their  holdings. 
The  use  by  engineers  of  low  interest  rates  on  the  entire  invest- 
ment in  calculating  annual  costs  has  contributed  to  the  low 
regard  in  which  capital  "planted"  is  held  today. 

Considerable  difficulty  must  necessarily  be  encountered  when 
attempting  to  determine  the  proper  amount  to  be  set  aside 
annually  to  cover  that  portion  of  investment  charge  represented 
by  depreciation.  The  work  of  prophecy  is  an  exceedingly 
difficult  task  at  which  to  maintain  a  reputation  for  accuracy 
and  has  developed  attractions  since  the  world  began.  The  man 
putting  up  his  money  cares  little  whether  the  unit  of  equipment 
requires  abandonment  on  account  of  wearing  out,  obsolescence 
or  inadequacy.  He  desires  the  engineer  to  advise  him  with 
respect  to  proper  annual  reserve  which  in  the  long  run  will  re- 
produce his  investment.  Data  upon  which  to  predict  such 
calculations  are  very  meager  and  confined  to  a  few  instances, 
possibly  not  representative  of  the  group  or  class.  The  accuracy 
of  such  calculations,  even  for  a  class,  can  not  accordingly  be 
very  great,  and  herein  lies  another  reason  for  estimating  the  cost 
of  money  at  higher  than  ordinary  interest  rates,  to  at  least  in 
part  compensate  for  the  hazard  arising  out  of  the  lack  of  knowl- 
edge of  the  probable  life  of  units  of  equipment.  The  Institute 
has  much  work  cut  out  for  it  along  this  line. 

The  effect  of  load  factor  upon  the  cost  of  operation  and  repairs 
is,  however,  more  involved.  This  relationship,  it  is  stated  in 
the  paper  by  the  authors,  may  be  expressed  by  the  empirical 
formula 


where  Y  represents  the  cost  in  mills  per  kilowatt  hour  net  output, 
X  the  corresponding  load  factor  expressed  in  per  cent,  and  y  a 
constant  for  any  curve.  It  is  stated  that  "this  law  will  hold 
between  15  per  cent  and  90  per  cent  load  factors  and  is  applicable 
for  individual  plants,  but  in  comparing  independent  plants  the 
cost  of  power  in  each  plant  should  be  reduced  to  a  common 
load  factor."  ^  I 
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It  would  be  fortunate  if  this  important  relationship  could  be 
thus  simply  expressed  and  the  entire  problem  of  station  economy 
reduced  to  an  approximate  formula.  It  is  observed,  however, 
that  the  expression  does  not  even  generally  fit  the  experience 
with  which  the  writer  is  familiar.  It  does  not  account  for  varia- 
tions in  monthly  costs  with  which  the  operator  is  interested  and 
does  not  promise  as  great  economies  with  better  load  factors  as 
experience  has  proved  are  possible.  Two  typical  instances, 
one  condensing  turbine  operation  and  the  other  corliss  conden- 
sing engines,  may  be  cited  as  illustration's,  and  are  given  below: 


Station  A 

Station  B 

Monthly 

Actual    nulls 

Calculated 

Monthly 

Actual    mills 

Calculated 

load  factor. 

per  sb.  kw-hr. 

mills  per 
sb.  kw-hr. 

load  factor. 

per  sb.  kw-hr. 

mills  per 
sb.  kw-hr. 

45     » 

6.46 

6.36 

35 

11.30 

9.63 

47 

6.97 

6.29 

38 

11.34 

9.43 

48 

6.76 

6.27 

45 

10.48 

9.06 

49 

6.38 

6.25 

46 

9.62 

9.02 

50 

6.20 

6.20 

47 

10.41 

8.95 

52 

6.02 

6.16 

48 

9.56 

8.93 

54 

5.55 

6.09 

50 

8.82 

8.82 

65 

5.87 

6.06 

54 

9.02 

8.66 

57 

6.78 

6.00 

60 

5.42 

5.93 

Station  A  is  a  medium-size  plant  of  30,000  kw.  capacity. 
Station  B  is  a  small  plant  of  5500  kw.  capacity.  Both  calcu- 
lated costs  are  based  upon  the  actual  costs  at  a  50  per  cent  load 
factor.  The  choice  of  some  other  basis  might  have  led  to  better 
closeness  of  fit  of  actual  conditions  and  conditions  assumed  of 
formula,  but  would  not  have  obviated  the  variations  noted  or 
spanned  the  maximum  and  minimum  of  the  observed  data. 

An  examination  of  the  formula  indicates  why  this  is  the  case. 
The  equation  assumes  a  fixed  relationship  for  all  types  of  steam 
generation,  makes  no  allowance  for  the  operation  of  several 
units  at  different  times  or  for  the  si2se  of  the  equipment  and  its 
overload  capacity.  Assuming  that  the  cost  at  100  per  cent 
load  factor  is  unity,  the  formula  fixes  the  cost  at  20  per  cent  load 
factor  at  1.47,  a  50  per  cent  load  factor  at  1.19.  a  60  per  cent 
load  factor  at  1.14,  etc.  That  important  variations  may  be 
expected  from  the  assumed  standard  is  apparent  from  an  in- 
spection of  the  familiar  economy  curves  of  boilers,  prime  movers 
and  generators.  Various  combinations  of  these  factors  are 
certain  to  effect  changes  in  the  resultant  curve. 

The  cost  sheet  of  the  power  plant  at  various  load  factors  more- 
over, does  not  reflect  merely  the  relation  of  input  to  output. 
It  consists,  especially  in  plants  of  limited  capacity,  of  many  items 
of  cost  fixed  in  their  nature  and  independent  of  load  factor  or 
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output.  Certain  labor  and  maintenance  items,  for  example 
may  be  expected  to  continue  whether  the  plant  is  fully  utilized 
or  not.  In  small  plants  this  constant  quantity  is  of  greater  mag- 
nitude than  in  large  plants  and  the  effect  on  the  cost  at  various 
loads  is  one  of  varying  degree.  All  of  these  factors  must  be 
accounted  for  in  any  empirical  formula  designed  to  compare 
results  of  operation. 

When  the  various  items  of  power  costs  are  separately  scru- 
tinized from  month  to  month  it  is  noted  that  each  has  its  own 
basis  of  variation.  Statistical  units  may  be  frequently  developed 
to  reduce  these  variables  to  more  constant  quantities  and  it  is 
believed  that  this  method  of  preserving  data  is  the  first  step  in 
the  development  of  a  cost  formula.  From  a  management  stand- 
point increases  in  power  costs  are  of  particular  interest  because 
they  are  due  partly  to  changes  in  the  demand  and  load  factor 
over  which  the  management  has  little  or  no  control  and  partly 
to  direct  additions  to  expense  for  which  the  responsibility  can 
be  directly  localized.  Both  types  of  causes  effect  an  increased 
cost  per  kilowatt-hour.  The  fuel  cost  which  theoreticalfy  must 
be  some  function  of  the  load  factor  will  fall  largely  in  the  first 
class.  The  remaining  items,  labor,  supplies,  maintenance,  etc.. 
fall  largely  in  the  latter  class  and,  while  a  small  proportion  of  the 
total,  is  that  part  in  which  the  greatest  possibilities  for  economies 
in  operation  arise,  and  hence  of  the  greatest  interest. 

A  report  form  based  upon  a  statistical  comparison  other  than 
kilowatt-hour  costs  is  used  by  one  of  the  largest  operating  syn- 
dicates. The  classification  of  accounts  corresponds  to  that  of 
the  Public  Service  Commission  of  the  state  in  which  the  plant 
is  located.  The  data  disclosed  for  the  various  items  of  steam 
and  power  plant  costs  are  as  follows: 


STEAM  GENERATION 


No. 


Account. 


General 
Unit 


specific  Unit 


001  Boiler  pUnt  superintendence sb.  kw-hr.     Per  cent,  of  602-616 

602  Boiler  plant  operating  labor *  Coal  ton. 

603  Coal  and  ash  handling  operating  labor *  Coal  ton. 

604  Water  purification  operating  labor *  100  cu.ft. 

605  Fuel  for  steam  (cost  of  fuel  in  storage) "  Coal  ton. 

606  Water  for  steam ■  100  cu.ft. 

607  Water  purification  supplies *  100  cu.ft. 

608  Boiler  plant  tools *  Boiler  h.p-hrs. 

600  Boiler  plant  supplies  and  expenses *  Boiler  h.p-hrs. 

610  Removal  of  ashes  expense  (haulage  from  plant).  .  *  Coal  ton. 

611  Maint.  of  boilers  and  boiler  aux.  equip.  (labor). . .  *  Boiler  h.p-hrs. 

612  Maint.  of  boilers  and  boiler  aux.  equip,  (sundries).  *  Boiler  h.p-hrs. 

613  Maint.  of  coal  and  ash  handling  equip,  (labor).. . .  *  Coal  ton. 

614  Maint.  of  coal  and  ash  handling  equip,  (sundries).  *  Coal  ton. 
616  Maint.  of  water  purification  equip,  (labor.) "  100  cu.ft. 

616  Maint.  of  water  purification  equip,  (sundries) *  100  Ctt.ft. 

617  Maint.  of  boiler  plant  bldgs.,  fix.  and  grounds 

O*bor) '  Boiler  h.p-lin. 

61t  liftint.  boil«r  plant  bldgi.,  fix.  and  groundi  (sun- 

driM) «  Boilvh.».hn. 
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No. 


Account. 


BLBCTRICAL  GBNBRATION 

General 

Unit 


Specific  Unit 


626    Prime  mover  pUnt  superintendence sb.  kw-hr. 


627  Prime  mover  operating  labor 

628  Prime  mover  plant  elec.  operating  labor 

629  Prime  mover  plant  mscl.  operating  labor 

630  Steam  generated  (proportion  of  cost)  accts.  601-618 

631  Steam  purchased 

632  Prime  mover  plant  lubricants 

633  Prime  mover  plant  tools 

634  Prime  mover  plant  supplies  and  expenses 

635  Maint.  of  prime  mover  0>^bor) 

636  Maint.  of  prime  mover  (sundries) 

637  Maint.  of  prime  mover  aux.  equip,  (labor) 

638  Maint.  of  prime  mover  aux.  equip,  (sundries) 

639  Maint.  of  generators  and  aux.  gen.  equip,  (labor) . 

640  Maint.  of  generators  and  aux.  gen.  equip. (sundries) 

641  Maint.  of  aux.  electrical  equip.  (labor) 

642  Maint.  of  aux.  electrical  equip,  (sundries) 

643  Maint.  of   prime    mover   plant    bldgs.,   fix.    and 

grounds  G^bor) 

644  Maint.  of   prime   mover    plant   bldgs..    fix.    and 

grounds  (sundries) 

731    Electric  current  exchanged  (between  plants) 


Per  cent  of  621-629. 

and  632-642. 
kw.  demand. 
kw.  demand, 
kw.  demand. 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand, 
kw.  demand. 

kw.  demand. 

kw.  demand, 
kw.  demand. 


For  large  plants  these  costs  are  subdivided  in  greater  detail 
although  the  units  of  comparison  are  similar.  The  statements 
are  also  supplemented  by  statistics  of  demand,  capacity,  output, 
coal,  water  and  lubricants.  It  will  be  noted  that  the  electric 
generation  costs  are  classified  under  both  the  kilowatt  or  demand 
unit  and  the  kilowatt-hour  or  output  unit.  Some  of  these  items 
vary  directly  with  the  demand;  others  respond  to  changes  in 
output.  The  large  majority  of  items,  however,  vary  with  the 
load  factor  and  are  affected  by  both  demand  and  output.  Were 
the  plant  operated  at  100  per  cent  load  factor  by  far  the  greater 
portion  of  the  **steam  generation'*  expense  then  would  be  an 
output  cost.  While  operated  at  less  than  100  per  cent  load  factor 
standby  losses  are  developed,  a  large  portion  of  which  are  elimi- 
nated with  better  load  factors.  Labor  costs  develop  even  greater 
standby  losses  at  low  load  factors,  and  these  items  alone  serve  to 
explain  why  better  economies  are  possible,  than  the  formula 
presented  would  anticipate. 

The  varying  items  comprising  station  operating  cost  are  of  too 
great  importance  to  be  merged  into  a  general  formula  even  when 
expressed  as  an  equation  of  the  fourth  power,  if  the  purpose  in 
comparison  for  the  sake  of  determining  relative  efficiency  or 
possible  future  economy.  If  it  is  possible  to  develop  a  single 
formula  which  reflects  in  like  manner  two  types  of  operation, 
it  is  believed  that  a  segregation  of  the  following  four  items  is 
essential: 

(a)  Operating  costs  continuing  irrespective  of  the  output,  such  as 
labor,  maintenance,  etc.,  but  affected  by  the  demand. 
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(b)  Costs  varying  as  some  function  of  the  load  factor,  such  as  fuel, 
labor,  water,  etc. 

(c)  Costs  varying  directly  with  the  output. 

(d)  Overhead  costs  such  as  supervision. 

Such  a  separation  will  not  only  provide  the  means  for  direct 
comparison  of  different  plants  but  will  give  the  separation  of 
costs  necessary  to  determine  the  charge  to  be  borne  by  various 
services  supplied  by  the  same  central  station,  such  as  traction 
and  commercial  lighting,  and  will  serve  as  a  basis  for  fixing  the 
rate  of  charge  to  be  made  to  customers  under  a  demand  and 
energy  schedule.  It  also  does  not  seem  probable  that  fullest 
economy  can  be  obtained  in  operation  until  those  portions  of 
cost  which  directly  concern  the  management  are  separated  from 
those  costs  which  are  dependent  upon  a  varying  public  demand 
for  service  and  hence  without  the  control  of  the  management. 

S.  D.  Sprong  (by  letter):  The  following  notes  refer  only  to 
the  paragraph  entitled  "Estimated  Life  of  Apparatus'',  includ- 
ing Life  Expectancy  Table,  of  the  paper  by  Messrs.  H.  G.  Stott 
and  W.  S.  Gorsuch. 

I  agree  with  the  writer  that  estimating  the  life  of  apparatus 
is  a  highly  speculative  matter,  but  do  not  believe  that  all  the 
figures  given  in  the  life  expectancy  table  represent  the  results 
which  have  been  obtained  in  first-dass  well  designed  power 
plants. 

Between  the  years  1893  and  1898,  a  number  of  first-class 
steam-driven  power  plants  were  designed  or  erected  in  the  greater 
city  of  New  York.  These  plants  were  equipped  with  recip- 
rocating engines,  the  majority  of  which  are  still  in  operation 
and  apparently  will  continue  to  operate  for  years  to  come.  It, 
therefore,  seems  that  the  total  life  of  twelve  years  estimated  for 
engines  and  condensers  is  far  below  what  may  actually  be  ob- 
tained in  view  of  the  number  of  engines  now  operating  which 
are  from  15  to  20  years  of  age.  The  same  general  statements 
apply  to  alternators  for  which  the  estimated  life  is  stated  as 
twelve  years,  as  practically  all  the  large  alternators  installed  in 
New  York  City  beginning  with  1897,  or  sixteen  years  ago,  are 
still  in  operation. 

Syncluronous  converters  are  given  an  estimated  life  of  twenty 
years.  A  nimiber  of  these  machines  have  been  in  operation  in 
New  York  City  from  about  the  year  1894,  and  a  large  number  of 
the  batteries  now  in  use  have  been  in  service  from  10  to  15  years. 
The  author  estimates  ten  years  as  the  average  life  of  the  battery, 
but  there  are  a  large  number  of  batteries  now  operating  in  New 
York  considerably  older  than  this,  and  which  batteries  are  still 
in  first  class  condition.  In  the  early  days  the  battery  man- 
ufacturers were  willing  to  guarantee  the  total  maintenance  of 
the  battery  for  6  per  cent  of  the  cost  which,  without  considering 
interest,  would  mean  a  life  of  over  sixteen  years.  The  actual 
scrap  value  of  lead  in  batteries  will  run  from  10  per  cent  to  20 
per  cent  of  the  original  cost,  according  to  the  condition  of  the 
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plates.  The  average  life  of  a  battery  depends  almost  entirely 
upon  its  number  of  discharges  rather  than  its  life  in  years.  The 
vehicle  battery  may  have  to  be  replaced  yearly  if  discharged 
daily,  whereas  a  station  battery  under  average  operating  con- 
ditions would  probably  not  have  the  same  number  of  discharges 
in  thirty  years. 
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AUTOMATIC  SUBSTATIONS 


BY   H.    R.    SUMMBRHAYBS 


The  object  of  this  paper  is  to  describe  the  automatic  substation 
at  Detroit,  in  which  there  is  working  a  synchronous  converter 
controlled  entirely  from  a  distant  station;  some  observations 
are  made  also  on  automatic  substations  in  general. 

While  many  motors  of  all  sizes  operate  without  attendance, 
and  with  little  attention,  practise  has  always  required  operators 
at  converter  substations.  In  earlier  days  the  operators  were 
necessary,  but  the  converter  is  now  such  a  reliable  piece  of 
apparatus  that  in  some  cases  operators  are  not  required,  as  in 
the  station  described  in  this  paper. 

Automatic  Operation.  Automatic  operation,  strictly  defined, 
is  that  in  which  a  machine  performs  its  functions  without  any 
human  control;  in  the  DetroiJ^  station  the  control  is  from  a 
distance  but  the  apparatus  may  be  said  to  be  automatic,  inas- 
much as  the  various  functions  of  starting,  stopping  and  regula- 
tion are  performed  without  the  supervision  of  an  attendant  in 
the  station  where  the  machine  is  located. 

The  operation  without  an  attendant  of  a  commutating  machine 
of  fairly  large  size  in  a  substation,  supplying  current  to  a  com- 
mercial lighting  system,  is  an  idea  so  different  from  the  generally 
accepted  practise  that  to  lead  up  to  it  some  consideration  will 
be  given  to  more  familiar  examples  of  automatic  substations. 

Remote-controlled  electrical  apparatus  is  now  widely  used 
for  a  variety  of  different  purposes.  It  is  generally  used  for  the 
reason  that  the  machine  to  be  controlled  is  so  located  as  to  be 
inaccessible,  or  for  reasons  of  convenience,  to  save  labor,  or  to 
concentrate  at  one  point  the  control  of  a  number  of  machines 
whose  functions  are  related. 
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When  the  motor  is  inaccessible,  either  by  reason  of  its 
location  or  being  enclosed,  or  when  it  is  out  of  sight  and  hearing 
of  the  operator,  it  does  not  matter  whether  the  motor  is  in 
the  next  room  or  a  mile  away.    It  is  only  a  question  of  degree. 

The  following  are  some  of  the  more  familiar  examples  of 
remote  control.  In  some  of  these  the  machines  which  are 
operated  by  the  electric  control  are  visible  to  the  operator  and 
in  other  cases  he  receives  signals,  that  the  machine  has  operated, 
but  in  nearly  all  cases  the  electric  motor  is  out  of  sight  and  re- 
ceives only  occasional  attention  and  inspection. 

Train  Lighting.  In  systems  of  train  lighting  with  an  axle- 
driven  generator,  the  generator  itself  is  inaccessible  and  out  of 
sight  and  receives  only  occasional  attention.  Its  operation  as 
to  commutation,  temperature  rise,  etc.,  is  taken  for  granted  and 
the  control  is  usually  by  four  automatic  devices,  i.e., 

1 .  A  pole  changer  which  reverses  the  polarity  of  the  generator 
when  the  direction  of  motion  of  the  car  is  reversed. 

2.  An  automatic  switch  which  keeps  the  generator  dis- 
connected from  the  system  at  low  train  speeds  and  connects 
it  when  a  certain  speed  is  reached. 

3.  A  current  regulator  which  varies  the  generator  field  so 
as  to  supply  a  constant  current  to  the  storage  battery. 

4 .  A  lamp  voltage  regulator  which  operates  usually  by  work- 
ing on  a  variable  resistance  in  the  lamp  circuit. 

In  the  case  of  train  lighting  the  generator  is  so  inaccessible 
that  it  might  as  well  be  a  mile  away. 

Transformer  Substations.  The  transformer  substation,  whether 
out  of  doors  or  indoors,  is  one  of  the  most  familiar  examples  of 
operation  of  electrical  apparatus  without  an  attendant.  Of 
course,  the  transformer  is  a  piece  of  stationary  apparatus,  but 
even  a  transformer  shares  with  moving  machinery  the  possi- 
bility of  injury  by  lightning  or  overload. 

Regulators.  It  is  not  unusual  practise  for  lighting  companies 
supplying  alternating  current  to  install  automatic  feeder  regu- 
lators in  a  transformer  substation  without  an  attendant  and 
with  only  occasional  inspection.  Here  we  have  a  transformer 
with  the  addition  of  an  intermittently  moving  machine.  Small 
regulators  are  now  built  of  the  pole  line  type  designed  to  be 
mounted  outdoors  on  a  pole  and  to  operate  continuously  and 
automatically  with  very  infrequent  inspection.  These  regulators 
contain  a  continuously  rotating  motor. 

Blower  Motors  and  Pump  Motors.   These  motors  are  frequently 
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located  in  inaccessible  places  and  receive  scant  attention  as  to 
operation.  They  are  started  from  a  distance  and  are  depended 
upon  to  give  good  commutation  and  to  operate  without  undue 
heating  or  bearing  trouble.  They  are  frequently  controlled 
by  automatic  pressure  regulators  or  float  switches,  and  may  be 
located  at  a  distance,  so  that  the  only  indication  the  operator 
has  of  their  having  started  is  the  current  in  his  ammeter. 

Transportation,  A  very  large  class  of  remote-controlled 
apparatus  is  used  for  various  kinds  of  transportation,  such  as 
electric  street  railways,  electric  trains,  elevators,  cranes,  ore- 
loading  machinery,  mine  hoists,  electric  ship  propulsion,  etc. 
In  all  of  these,  the  electric  motor  is  remote  from  the  operator 
and  receives  only  periodical  inspection.  Its  operation  is  taken 
for  granted,  but  in  most  cases  the  operator  sees  the  movement 
of  the  machinery  driven  and  regulates  the  control  accordingly. 
In  case  of  large  mine  hoists,  the  hoist  may  be  out  of  sight  of  the 
operator  and  he  has  merely  an  indicator  showing  its  movements. 

Lighting  of  Isolated  Buildings.  There  are  a  good  many  installa- 
tions for  lighting  of  large  residences,  hotels,  etc.,  in  the  country, 
consisting  of  a  storage  battery  and  generator  and  an  internal 
combustion  engine,  which  may  be  said  to  be  examples  of  auto- 
matic substations,  as  in  some  of  these  installations  arrangements 
are  made  so  that  the  voltage  of  the  storage  battery  is  allowed 
to  vary  between  narrow  limits,  the  engine  and  generator  being 
automatically  started  up  at  the  lower  limit  and  when  the 
storage  battery  is  charged  to  the  higher  limit  the  generator  and 
engine  are  stopped.  These  installations  do  not  require  any 
attention  so  far  as  the  generator  is  concerned,  excepting  the 
occasional  inspection. 

Further  Applications,  With  these  examples  in  mind  in  which 
electric  motors,  remotely  controlled  and  operated  practically 
without  attendants,  are  used  in  sizes  from  a  fraction  of  a  horse 
power  up  to  thousands  of  horse  power,  many  of  these  motors  being 
of  the  commutating  type,  and  also  considering  the  instances  in 
which  small  commutating,  direct-current  generators  are  used, 
it  is  only  a  step  further  to  apply  the  same  principles  to  a  generat- 
ing station  or  a  substation. 

Induction  Generator,  It  is  planned  to  install  on  a  hy- 
droelectric system  in  the  West,  an  induction  generator  of 
about  1400  kw.  capacity  located  in  a  station,  without  an  attend- 
ant, several  miles  from  the  main  hydroelectric  generating  station 
of  the  same  company.     This  machine,  after  being  started  up       t 
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by  an  operator  sent  over  for  the  purpose,  will  operate  without 
any  hydraulic  governor,  the  waterwheel  working  at  full  gate 
all  the  time.  While  connected  to  the  Une,  it  will  receive  its 
magnetizing  current  from  the  synchronous  generators  in  the 
other  station  and  will  deliver  its  f tdl  load  into  the  system  at  all 
times  when  the  load  exceeds  the  rating  of  this  induction  generator. 
The  frequency  and  speed  will  be  controlled  by  the  waterwheel 
governors  at  the  main  station  in  which  most  of  the  generators 
are  of  the  larger  capacity. 

At  times  when  the  total  load  becomes  less  than  the  capacity 
of  this  machine,  it  will  be  disconnected  by  the  operator  at  the 
main  station  opening  the  switch  on  the  line  leading  to  the  induc- 
tion generator.  This  generator  will  then  run  at  nearly  double 
speed  and  will  be  allowed  to  do  so  uutil  again  required,  when  an 
operator  will  be  sent  over  to  slow  down  the  induction  generator 
to  a  point  approximating  synchronism,  when  it  may  be  thrown 
on  the  circuit  again.  It  will,  of  coiirse,  be  designed  to  run  safely 
at  double  speed  for  any  length  of  time,  but  in  case  of  the  machine 
not  being  required  for  a  long  period  an  operator  would  be 
sent  over  to  shut  it  down. 

It  would  be  possible  by  the  use  of  three  or  four  control  wires 
and  a  motor  operated  hydraulic  governor  to  start  up  and  shut 
down  this  machine  from  the  main  station,  in  which  case  the  only 
attention  required  would  be  daily  inspection  and  oiling  of  the 
hydraulic  governor  and  such  parts  of  the  waterwheel  as  require 
oil.  This  installation  is,  of  course,  much  simplified  by  not 
having  any  exciter.  As  at  present  planned,  it  is  also  much  sim- 
plified by  not  having  any  hydratdic  governor,  so  that  the  only 
moving  parts  in  the  station  are  the  rotors  of  the  waterwheel 
and  generator  which  are  on  the  same  shaft  and  the  only  bearings 
are  the  thrust  and  steady  bearings,  which  are  lubricated  by  a 
simple  oil  pumping  system  in  operation  whenever  the  induc- 
tion machine  is  running. 

This  induction  generator,  being  rather  slow  speed  and  operat- 
ing at  60  cycles,  has  a  power  factor  of  about  80  per  cent.  If 
the  head  permitted  a  high-speed  generator,  the  power  factor 
could  be  made  much  better. 

It  is  worthy  of  note  that  this  installation  is  on  the  same 
stream  as  the  main  plant  but  located  above  it,  and  will  use  the 
same  water.  The  only  governor  will  be  an  emergency  over-speed 
trip  which  will  not  shut  down  the  waterwheel  but  will  simply 
disconnect  the  induction  generator  from  the  line  in  the  event 
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of  a  sudden  interruption  of  load  on  the  main  line,  which  would 
otherwise  permit  the  induction  generator  to  speed  up  and  drag 
the  rest  of  the  machines  along  with  it. 

Synchronous  Converter,  The  Edison  Illuminating  Company 
of  Detroit  has  installed  a  synchronous  converter  with  special 
automatic  switchboard  equipment,  arranged  so  that  the  con- 
verter can  be  started,  controlled  and  stopped,  from  a  distant 
point,  without  any  control  wires. 

The  synchronous  converter,  transformers  and  part  of  the 
switching  appliances  are  located  at  the  Rowena  Street  substation » 
about  one  mile  from  the  center  of  the  Edison  three-wire  network 
and  about  one  mile  from  Station  I,  whence  the  equipment  is 
controlled.  Station  I  is  one  of  the  largest  substations  on  the 
Edison  system  at  Detroit.      See  map.  Fig.  1. 

Purpose  of  Installation,  The  load  on  that  part  of  the  Edison 
three-wire  network  near  Rowena  St.  station,  located  in  one  of 
the  residence  sections  of  Detroit;  has  been  increasing  so  rapidly 
that  the  illuminating  company  was  faced  by  the  alternative  ot 
installing  more  feeder  copper  or  a  new  substation  in  order  to 
keep  the  service  in  this  section  up  to  standard.  Either  of  these 
alternatives  involved  considerable  expense,  compared  to  the 
revenue  from  the  section  in  question,  and  it  was,  therefore, 
decided — ^in  order  to  keep  up  the  voltage  on  this  part  of  the  sys- 
tem— to  install  a  500-kw.  synchronous  converter  in  a  substation 
without  an  attendant  and  make  arrangements  so  that  the  con- 
verter could  be  started,  stopped  and  its  voltage  and  load  con- 
trolled from  Station  I  a  mile  away;  also  so  that  the  machine 
would  be  automatically  protected  in  case  of  disturbances  on 
the  system  or  accidents  to  the  machine  itself. 

This  problem  was  presented  to  the  engineers  of  the  manufactur- 
ing company,  the  illuminating  company  stipulating  that  there 
should  be  no  control  wires,  the  only  conductors  extending 
between  the  stations  being  those  of  the  triple-conductor  cable 
carrying  the  primary  current  at  4400  volts,  three-phase,  from 
Substation  I  to  the  Rowena  Street  station. 

The  connections  are  shown  on  the  diagram,  Fig.  2. 

Voltage  Rating  and  List  of  A  pparatus.  The  supply  of  electricity 
of  substation  I  is  4400  volts,  60  cycles,  three-phase. 

The  apparatus  located  at  this  station  consists  of  the  following; 

One  4400- volt,  three-phase  starting  compensator  with  J,  | 
and  full  voltage  taps. 

One  4400- volt,  three-phase  induction  regdlator  witti^a  totid 
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range  of  20  per  cent  in  voltage.  The  regulator  is  connected  in 
series  with  the  running  switch  and  is  not  in  circuit  when  starting. 
Fig.  3  shows  this  regulator. 

Four  hand-operated  oil  switches  on  the  switchboard,  of  which 
No.  1  is  a  magnetizing  switch,  No.  2  and  No.  3  tap  switches  for 
use  with  the  compensator,  and  No.  4  a  running  switch. 

Three  a-c.  ammeters. 

One  power  factor  indicator. 

One  polyphase  indicating  wattmeter. 

One  watt-hour  meter. 

One  compensated  voltmeter  to  read  the  voltage  at  Rowena 
Street.    Necessary  current  and  potential  transformers. 

One  underload  relay  and  bell  alarm. 

One  inverse  time  limit  overload  relay.  The  overload  relay 
operates  the  running  switch. 

The  material  of  the  switchboard  is  pink  Tennessee  marble. 
(See  Fig.  4). 

The  only  connection  between  substation  I  and  the  Rowena 
Street  substation  where  the  converter  is  located,  is  the  three-con- 
ductor 4400- volt  cable  which  carries  the  main  current,  and  there 
are  no  atixiliary  control  wires  between  stations. 

Rowena  Street  Substation.  At  this  station  are  located  the 
synchronous  converter,  which  is  a  six-phase  converter,  12  poles, 
500  kw.,  600  rev.  per  min.,  250-300  volt  d-c,  three  transformers, 
each  175  kv-a.,  rated  4400 — 205  volts,  oil-cooled,  and  the  auto- 
matic control  apparatus  consisting  of  the  following: 

Two  3000-ampere  solenoid-operated  main  circuit  breakers 
with  overload  trip. 

Two  reverse-current  relays  for  above. 

One  solenoid-control  relay  used  in  connection  with  the  circuit 
breakers. 

One  differential  contact-making  voltmeter. 

One  four-pole  field  contactor.  (The  field  is  broken  at  several 
points,  on  account  of  the  high  induced  voltage  at  starting.) 

One  single-pole  field  contactor,  with  time  limit  relay. 

One  field  rheostat. 

One  double-pole  relay  for  protection  of  field  circuit. 

One  centrifugal  switch  or  governor  mounted  on  shaft  of 
synchronous  converter. 

Fig.  5  is  a  view  showing  the  exterior  of  Rowena  St.  substation, 
which  is  built  without  windows  to  prevent  noise  being  heard 
outside  of  station.  Ventilation  is  through  baffled  openings  in 
side  and  roof.  r^^^M^ 

Digitized  by  VjOOQIC 


PLATE  XXXVm 

A.  I.  E.  E. 

•  VOL.  XXXH,  1913 


Digitized  by 


Google 


PLATE   XXXiX  /    ; 

A.  I.  E.  E.  ••.,    '• 

VOL.  XXXII,    19WL 


Fig.  5 


[SUMMERHAYESi 


Fig.  6 


[SUMM&RHAYBS] 


Fig.  7 


[SUMMERHAYES] 

Digitized  by  VjOOQIC 


PLATE  XL 
•      ^,.  A.  r.  E.  E. 

••.  .•  VPL.  XXXII,  1913 


•    .•   •  • 


Fig.  8 


[SUMMBRHAYBS] 


Fig.    9  [SU^fMERHAYESl 


Fig.     10         ISUMMBRHAYESj 

Digitized  by  LjOOQIC 


•     •  •  • 


•••    • 


Digitized  by 


Google 


1913]        5  UMMERHA  YES:  A  UTOMA  TIC  S  VEST  A  TlONS       1693 

Fig.  6  is  a  general  view  of  the  interior,  Fig.  7  shows  the  con- 
verter and  switchboard,  and  Fig.  8  shows  the  transformers,  also 
the  end  of  the  converter  shaft  with  speed  limit  switch. 

Fig.  9  is  a  front  view  of  switchboard  showing  the  automatic 
control  device  at  right  and  feeder  panel  at  the  left,  and  Fig.  10 
is  an  end  view  of  the  converter  showing  the  centrifugal  governor 
or  field  switch. 

All  of  the  devices  of  the  control  equipment,  excepting  the  field 
rheostat  and  governor,  are  mounted  on  two  pink  Tennessee 
marble  panels. 

The  circuit  breakers  are  supplied  with  sockets  and  auxiliary 
handle  so  that  they  may  be  worked  by  hand. 

A  number  of  feeders  connected  to  different  points  on  the  125- 
250-volt  Edison  three-wire  system  in  this  vicinity  are  brought 
into  the  Rowena  Street  substation  and  the  feeder  switches  are 
normally  left  closed  so  that  there  is  250  volts  on  the  bus  in  this 
station  available  to  operate  the  contactors  which  close  the  field 
when  the  control  circuit  of  these  contactors  is  closed  by  the 
governor. 

Operation 

Starting.  In  order  to  start  up  the  converter,  the  operator  at 
substation  I  proceeds  as  follows: 

First:  The  induction  regulator  is  set  at  maximum  lowering 
position. 

Second:    The  magnetizing  switch  is  closed. 

Third :  The  ^  tap  switch  is  closed,  throwing  I  voltage  on  the  line 
leading  to  the  Rowena  Street  substation.  The  converter  starts 
on  this  tap  and  reaches  sjmchronism  in  20  or  30  seconds.  Just 
before  the  converter  reaches  synchronism  (that  is,  within  5  per 
cent  of  synchronism),  the  governor  on  its  shaft  closes  the  control 
circuit  of  the  field  contactors  and  the  four-pole  contactor  operates 
immediately,  exciting  the  rotary  converter  field  from  the  bus  so 
as  to  give  it  the  correct  polarity,  but  with  a  considerable  resist- 
ance in  series  with  the  field.  As  soon  as  this  weak  field  is  thrown 
on,  the  rotary  converter  pulls  into  synchronism  with  the  proper 
polarity  but  at  i  voltage.  This  operation  is  made  evident  to 
the  operator  at  I  street  by  watching  his  a-c.  ammeter,  on  which 
the  current  decreases  from  the  initial  starting  current  to  about 
i,  and  suddenly  increases  as  the  field  is  automatically  applied, 
then  settles  to  a  low  and  steady  value  as  the  converter  falls  into 
synchronism. 

Fourth:  Just  after  the  automatic  application  of  the  field,  the 
operator  opens  the  I  tap  switch  and  closes  the  §  tap  switch. 
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Fifth :  The  operator  then  opens  the  \  tap  switch  and  closes  the 
running  switch.  After  the  closing  of  this  switch  the  converter 
is  in  synchronism  but  operating  at  a  low  d-c.  voltage  on  account 
of  the  position  of  the  induction  regulator  and  operating  with  a 
very  weak  field.  On  account  of  the  weak  field,  the  power  factor 
at  this  time  will  be  lagging. 

Sixth:  Within  a  few  seconds  the  second  field  contactor  auto- 
matically operates,  cutting  out  sufficient  field  rheostat  so  as  to 
give  the  rotary  full  normal  field  current.  The  control  circuit 
of  this  contactor  was  closed  by  the  governor  at  the  same  time 
as  the  other  contactor,  but  its  operation  was  delayed  by  a  time 
limit  relay.  The  operation  of  this  contactor  is  immediately 
evident  to  the  operator  at  Station  I  by  the  increase  in  current 
on  the  a-c.  ammeter  and  the  changing  of  the  power  factor  from 
lagging  to  leading. 

Seventh:  At  this  point  the  converter  is  running  in  synchronism 
with  full  field  and  correct  polarity  and  all  ready  to  be  connected 
to  the  direct-current  buses,  excepting  that  its  voltage  is  low, 
owing  to  the  position  of  the  induction  regulator.  The  operator 
now  brings  up  the  voltage  by  the  induction  regulator  and  at 
the  moment  the  voltage  across  the  brushes  of  the  converter 
exceeds  by  a  very  small  percentage  the  voltage  on  the  buses, 
the  contact  making  voltmeter  operates.  This  device  is  differen- 
tially wound,  one  coil  connected  to  the  buses  and  the  other  to  the 
brushes  of  the  converter.  The  bus  voltage  may  vary  at  different 
times  of  day  from  250  to  300  but  whatever  voltage  is  across  the 
buses,  this  differential  device  acts  only  when  the  synchronous  con- 
verter voltage  exceeds  the  bus  voltage  by  a  small  percentage.  This 
device  makes  a  circuit  through  the  control  relay  which  operates 
the  closing  coils  of  the  two  main  circuit  breakers  and  connects 
the  synchronous  converter  to  the  busbars.  This  action  is  so  accu- 
rate that  the  converter  may  be  made  to  take  any  percentage  of 
load  that  is  required.  Ordinarily  it  is  so  adjusted  that  when  the 
circuit  breakers  close,  the  converter  takes  about  one-tenth  load. 

Load  Control,  Etc,  The  voltage  at  points  on  the  Edison 
three-wire  system  in  the  neighborhood  of  the  Rowena  Street  sta- 
tion is  observed  at  Station  I  by  means  of  the  pressure  wires 
ordinarily  used  on  these  Edison  systems  and  the  amount  of  load 
taken  by  the  converter  at  Rowena  Street  is  changed  by  the  opera- 
tor to  meet  the  voltage  conditions  on  the  system.  The  change  in 
load  is  effected  by  manipulating  the  induction  regulator. 

The  amount  of  load  at  any  time  is  indicated  by  the  a-c. 
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ammeters  in  connection  with  the  indicating  wattmeter  and  the 
power  factor  meter. 

Stopping.  In  order  to  stop  the  synchronous  converter,  the  run- 
ning switch  at  Substation  I  is  opened.  This  disconnects  the  a-c. 
supply  and  leaves  the  synchronous  converter  running  as  a  d-c. 
motor.  The  reverse-current  relays  are  set  so  that  they  will 
operate  on  the  current  which  the  converter  takes  as  a  d-c. 
motor  and  their  operation  opens  the  main  circuit  breakers  and 
disconnects  the  converter  from  the  d-c.  busbars  and,  as  the 
converter  slows  down,  the  governor  resumes  its  starting  position 
and  the  field  contactors  open  so  that  everything  is  ready  for  a 
new  start. 

Protection.  In  case  of  a  short  circuit  on  the  a-c.  system  at 
some  point  between  the  main  station  and  the  switchboard  at 
Station  I,  the  d-c.  current  feeding  back  from  the  d-c.  systems 
through  the  synchronous  converter  operates  the  reverse-current 
relays  and  opens  the  solenoid  circuit  breakers  so  that  the  con* 
verter  is  left  connected  to  the  a-c.  system.  When  the  a-c. 
short  cir^t  disappears  and  the  a-c.  voltage  comes  up  again  to 
normal  the  converter  is  automatically  connected  in  the  d-c. 
system  again,  unless  the  current  reqtdred  to  synchronize  the 
converter  is  heavy  enough  to  open  the  main  switch  at  Station  I 
by  means  of  the  overload  relay,  in  which  case  the  converter  may 
be  synchronized  by  the  magnetizing  and  tap  switches,  as  ex- 
plained under  **  Starting." 

In  case  of  a  short  circuit  on  the  a-c.  circuit  or  on  the  cable 
between  Station  I  and  Rowena  Street,  or  in  the  armature,  trans- 
formers or  regulator,  the  direct  current  feeding  through  the 
converter  into  the  short  circuit  operates  the  reverse-current  relays 
and  opens  the  solenoid  circuit  breakers,  and  the  alternating 
current  feeding  into  the  short  circuit  operates  the  overload  relay 
and  opens  the  main  switch  at  Station  I,  disconnecting  the  con- 
verter from  the  line.  With  the  original  equipment,  time  limit 
attachments  were  added  to  the  reverse-ctirrent  relays  so  that 
they  would  not  operate  in  case  of  mere  momentary  surges.  These 
relays  are  not  being  used  in  the  actual  operation  of  the  eqtdpment 
as  they  are  considered  unnecessary  by  the  illuminating  company. 
Two  reverse-current  relays  are  used  so  that  safety  is  assured. 
If  both  should  fail,  the  speed-limiting  device  and  the  overload 
coil  are  both  available  to  open  the  d-c.  circuit  breakers. 

In  case  of  a  short  circuit  on  the  d-c.  side,  the  overload  relay 
at  Station  I  will  open  the  running  switch  and  the  converter  will    j 
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be  disconnected  as  in  the  ordinary  operation  of  shutting  down. 
If  this  d-c.  short  circtiit  is  a  very  severe  one,  the  overload  trip 
coils  of  the  circtiit  breakers  which  are  set  rather  high  will  also 
operate. 

The  field  circtiit  of  the  synchronous  converter  is  protected  by 
means  of  a  double-pole  overload  relay.  The  shut-down  of  the 
converter  from  any  cause  is  indicated  by  the  underload  relay  at 
Substation  I. 

This  station  has  been  operated  ever  since  it  started  without 
any  regular  attendant,  but  since  the  equipment  was  novel,  for 
the  first  few  weeks  it  was  the  practise  to  send  a  man  over  from 
Substation  I  to  watch  the  operation  when  the  outfit  was  being 
started  and  in  this  way  several  points  have  been  observed  which 
have  enabled  us  to  perfect  the  equipment. 

The  centrifugal  switch  originally  used  to  close  the  field  circuit 
was  found  to  be  unsuitable,  and  this  has  been  replaced  by  one  of 
different  design,  which  is  reliable  and  has  given  satisfaction. 
During  the  few  days  the  first  switch  was  out  of  service,  the 
field  contactor  circuit  was  closed  by  hand  when  the  machine  was 
being  started.  Shortly  after  installation  there  were  two  or  three 
cases  when  the  machine  failed  to  start;  such  failures  have  now 
been  eliminated  by  proper  adjustment  and  minor  changes  in  the 
relays.  It  is  the  intention  to  have  this  equipment  inspected  once 
a  day. 

The  illuminating  company  may  decide  later  to  put  in  a 
thermostat  on  the  bearings,  recording  through  a  telephone  wire 
to  Substation  I,  so  as  to  eliminate  danger  from  this  source,  but 
it  is  not  believed  this  will  be  necessary. 

The  bearings  are  of  the  ring  oiling  type  generally  used  on 
machines  of  this  class,  so  that  very  little  trouble  may  be  expected. 

In  addition  to  the  governor  used  for  closing  the  field  circuit, 
the  synchronous  converter  is  equipped  with  the  usual  centrifugal 
speed  limit  device. 

The  illuminating  company  expects  to  extend  this  remote  con- 
trol system  to  other  substations. 

Fire  Risk.  The  fire  risk  is  practically  nil,  except  for  the  chance 
of  the  windings  of  the  machine  taking  fire  from  an  accidental 
bum-out.  This  may  be  minimized  by  automatic  extinguishers. 
It  would  not  be  possible  to  use  automatic  sprinklers  in  a  cold 
climate  unless  the  substations  were  heated,  but  some  automatic 
extinguisher,  using  Pyrene  or  similar  liquid  freezing  at  a  lower 
temperature,  may  be  devised,  and  this  would  be  preferable  to 
water  for  other  reasons  as  well.  ^  ^ 
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Other  Applications,  In  the  station  described,  the  converter 
is  of  the  type  without  commutating  poles.  An  automatic  instal- 
lation including  a  commutating-pole  converter,  would  require  a 
solenoid  mechanism  for  raising  the  brushes  when  the  field  con- 
tactors open  while  the  machine  is  shutting  down,  the  same 
mechanism  to  lower  the  brushes  when  the  machine  has  started 
and  reached  synchronism.  This  would  be  worked  by  the  closing 
of  the  field  contactors. 

When  an  automatic  substation  is  installed  on  an  Edison  system 
the  field  contactors  may  be  operated  from  the  250- volt  bus,  con- 
nected to  the  system  outside,  and  it  may  be  assumed  there  is 
always  voltage  on  this  system. 

In  case  of  an  automatic  substation  on  an  electric  railway 
system,  it  may  be  desired  to  start  up  the  station  when  there  is 
no  voltage  on  the  trolley  wire.  In  such  a  case  the  machine 
may  come  up  to  speed  with  the  wrong  polarity,  since  there 
is  no  means  of  determining  the  polarity  by  exciting  the  field 
from  the  trolley.  To  meet  this  requirement,  a  special  relay, 
devised  by  Mr.  J.  B.  Taylor,  or  a  storage  battery,  may  be  used. 
Since  railway  substations  are  generally  located  on  the  line  of 
the  railway,  it  is  frequently  found  convenient  to  combine  the 
substation  with  a  waiting  room  and  ticket  office,  so  that  the 
operator  performs  both  functions.  Where  it  is  not  necessary 
to  do  this  the  automatic  substation  may  be  used. 

Still  another  application  of  these  principles  may  be  to  simplify 
the  control  of  machines  in  a  large  station  containing  several 
converters.  That  is  to  say,  the  low-tension  switches  near  the 
machine  will  be  eliminated  and  one  operator  at  the  switchboard 
would  take  care  of  the  entire  starting. 

While  the  automatic  starting  of  this  converter  as  described 
in  detail  may  seem  complicated,  in  actual  practise  it  is  very 
simple,  as  it  merely  requires  the  operator  to  close  four  oil  switches 
in  rotation,  1,  2,  3,  4,  and  to  manipulate  an  induction  regulator, 
the  machine  being  thrown  on  the  system  with  very  little  dis- 
turbance. 

Conclusion,  The  remote  control  of  synchronous  converters 
enables  a  plant  operating  the  Edison  three- wire  system  to  extend 
the  economical  limits  of  the  system,  since  the  cost  of  the  labor 
of  station  operators  and  the  cost  of  heating  the  building 
forms  a  large  proportion  of  the  running  expense  of  a  substation. 
With  the  station  heating  expense  and  the  regular  watch  of 
station  operators  eliminated  and  the  labor  expense  limited  tP^T^ 
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the  cost  of  daily  inspection,  it  becomes  possible  to  operate  sub- 
stations where  previously  the  density  of  the  load  would  not 
warrant  a  substation. 

In  general,  this  means  that  the  Edison  three-wire  system  in 
a  dty  may  economically  be  extended  to  cover  a  greater  territory 
than  at  present.  It  will  be  possible  to  reduce  the  investment 
in  feeder  copper  by  using  smaller  substations  set  closer  together. 

Acknowledgment  is  made  to  Mr.  G.  W.  Cato,  of  the  Edison 
Illuminating  Company  of  Detroit,  for  information  and  illus- 
trations used  in  this  paper. 
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CONVERTING    SUBSTATIONS    IN    BASEMENTS    AND 
SUB-BASEMENTS 

BY~B.   G.  JAMIESON 


The  type  of  substation  disctissed  in  this  paper  is  that  which  is 
located  below  street  grade  in  commercial  buildings  of  large  cities. 
Sub-grade  at  once  suggests  valuable  real  estate,  crowded  quarters 
flooded  basements,  ventilating  difficulties  and  machinery  handling 
problems.  Coupled  with  these  disadvantages  and  risks  are 
certain  economies  and  other  features  which  have  made  these 
substations  a  matter  of  much  importance  in  our  largest  cities. 
The  purpose  of  this  paper  is  to  show  the  influence  of  these  factors 
upon  the  apparatus  and  arrangement  of  this  type  of  substation. 

In  the  down-town  district  of  Chicago,  for  example,  the  develop- 
ment of  converting  substations  below  street  level  has  covered  a 
period  of  approximately  fifteen  years  and  in  that  time  the 
capacity  of  single  converting  units  has  increased  from  260  kw. 
to  3500  kw.,  and  fortunately  the  building  art  has  so  advanced 
that  head-room  of  from  15  to  26  ft.  (4 . 5  to  7 . 9  m.)  has  been  made 
available  in  some  of  the  sites  more  recently  secured.  In  the 
heart  of  Chicago,  practically  within  the  "  loop,"  there  are  ten 
substations  either  in  service  or  about  to  be  commissioned  which 
have  a  combined  capacity  of  42,000  kw.  in  converting  apparatus 
or  storage  batteries,  all  operating  on  the  Edison  three-wire  sys- 
tem, eight  of  which,  with  a  total  capacity  of  29,000  kw.,  are  of 
this  sub-grade  type.  One  of  the  latest  substations  has  an 
ultimate  capacity  of  four  3500-kw.  and  one  2000-kw.  synchronous 
converters;  one  of  the  earliest  has  eight  500-kw.  and  four  1000- 
kw.  converters.  The  district  has  an  area  of  only  0.81  sq.  mi. 
(2.1  sq.  km.)  and  a  connected  load  of  1,940,000  lamps  (50-watt 
equivalent),  a  maximum  last  year  of  31,000  kw.  and  an  annual 
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load  factor  of  32  per  cent.  Fig.  1  shows  the  24-hour  load  on  the 
day  of  maximum  kw.  in  the  winter  of  1912,  and  Table  I  shows  the 
annual  kw.  increment,  an  interesting  table,  in  which  may  be 
discerned  indiscriminate  periods  of  great  business  expansion 
and  depression  and,  faintly,  the  advent  of  the  tungsten  lamp. 
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Fio.  1 — Low-Tension  Down-Town  Direct-Current  Load   on    Day 
OF  Maximum  Output — Dec.  16,  1912 


Devoid  of  all  exterior  attractiveness,  these  converting  sub- 
stations may  be  viewed  from  the  engineer's  standpoint  as  a 
series  of  large,  deep  pits  surrounded  by  concrete  walls,  upon 
which  devolves  the  duty  of  resisting  the  inward  thrust  of  the 


TABLE 

I 

Per  Cent  op  Incrbass 

OF 

Down-Town  Low-Tbnsion  Maximum  Load 

Per  cent 

1901  over  1900 

15.5  increase. 

1902 

1901 

25.7       - 

1903 

1902 

18.6       • 

1904 

1903 

5.5       ■ 

1905 

1904 

27.4       • 

1906 

1905 

5.4       - 

1907 

1906 

7.8       • 

1908 

1907 

3.0       • 

1909 

1908 

10.0       - 

1910 

1909 

1 . 7  decrease 

1911 

1910 

6.4  increase 

1912 

1911 

4.8       - 

1913 

1912 

7.0  increase  (estimated) 

abutting  earth  and  of  keeping  out  the  surface  and  sub-soil 
water,  bottomed  with  a  layer  of  concrete  which  must  be  heavy 
enough  to  keep  the  earth  from  crowding  up  into  the  pit,  and 
intersected    vertically    by    numerous    columns    which    keep 
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thousands  of  tons  of  steel,  concrete,  and  tile  from  falling  into 
it.  Occasionally  a  group  of  fire  engines  may  pour  or  a  broken 
street  main  may  liberate  perhaps  10,000  gal.  (37,854  1.)  of  water 
per  minute  directly  over  the  roof  of  the  pit,  which  has  two  open 
stair  wells,  a  shaft  of  approximately  175  sq.  ft.  (16.2  sq.  m.)  to 
admit  apparatus,  and  air  ducts  of  50  sq.  ft.  (4.6  sq.  m.)  section; 
and  with  all  this  the  converters  must  operate  continuously. 
Quite  different  from  the  super-grade  structure,  the  comparatively 
simple  duty  of  which  is  to  protect  the  apparatus  from  the 
weather. 

The  sub-grade  substations  may  be  grouped  in  two  classes, 
I — ^the  basement  type,  and  II — the  sub-basement  type,  the 
distinguishing  feature  being  that  Class  I  usually  includes  the 
sub-sidewalk  space  and  may  be  reached  directly  from  the  street 
or  sidewalk  level;  whereas  Class  II  may  be  either  a  first  or  second 


THE  STONE  SLABA  OF  THE 

•lOEWALK  ARE  REMOVED  TO 

ADMIT  MACHINERY  INTO  BASEMENT 
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Fig.  2 — Sectional  Elevation,  Basement  Type 


sub-basement  of  a  twenty-story  building,  which  is  isolated  from 
both  street  and  sidewalk.  Figs.  2  and  3  show  the  conventional 
forms  of  entrances  to  these  two  types. 

Class  I  typifies  the  earlier  stage  of  the  development  when 
basement  space  was  not  so  valuable  as  now  and  in  many  ways 
presented  proportionately  as  great  construction  problems  as 
Class  II,  for,  even  though  the  depth  was  not  so  great,  the  adapta- 
tion of  a  given  space  for  an  electrical  substation  had  to  be  carried 
out  at  the  foundations  of  a  high  building  designed  without 
thought  of  such  purpose. 

In  contrast  to  the  ordinary  super-grade  substation  there  is  no 
convenient  12-  or  14-ft.  (3.6-  or  4.3-m.)  doorway,  with  a  crane 
just  inside  for  admitting  and  handling  a  7000-lb.  (3175-kg.) 
transformer.  The  roof  of  the  substation  is  on  the  level  of  the 
sidewalk  and  the  space  above  the  roof  is  another's  premises. 
Access  must  be  had  through  the  sidewalk  or  adjacent  alley .^OOqIc 
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The  Class  I  machinery  entrances  are  usually  simply  sidewalk 
slabs,  the  removal  of  which  gives  a  clear  opening  into  the  sub- 
station, while  Class  II  intakes  may  be  expensive  shafts  with 
offsets,  totaling  40  ft.  (12.2  m.)  in  depth.  Fig.  6  shows  the 
method  of  lowering  a  3850-kv-a.  transformer  through  a  Class 
II  entrance.  Work  of  this  sort  is  exceedingly  precarious  and 
requires  the  utmost  caution  on  the  part  of  the  engineer  in  charge, 
for  the  shifting  of  centers  of  gravity  with  respect  to  points  of 
support,  and  of  the  points  of  maximum  bearing  presstire,  are 
made  rapidly  and  in  a  manner  often  not  contemplated  in  the 


2ND  SUB  BASEMENT  TYPE 
Fig.  3  — Sectional  Elevation,  Second  Sub-Basement  Type 


design  of  apparatus.    Clearances  of  an  inch  (25.4  mm.)  or  less 
are  conmion  in  this  class  of  work. 

In  the  utilization  of  this  entrance  many  untoward  factors 
materialize.  In  a  crowded  business  street  only  a  limited  time  is 
allowed  at  the  week-end,  seldom  exceeding  thirty  consecutive 
hours,  in  which  sidewalk  slabs  must  be  removed,  the  machinery 
put  in  the  substation  space  and  the  sidewalk  slabs  put  back  into 
original  position.  This  usually  means  night  and  Sunday  work  to 
be  carried  out  regardless  of  weather  conditions.  The  effect  of 
this  close  work  may  be  reflected  as  far  back  as  the  factory  from 
which  shipment  of  apparatus  is  made.  To  illustrate — ^a  3500-kw. 
S3mchronous  converter  with  its  appurtenances,  a  gross  weight 
of  135  tons,  must  be  brought  into^the  substation  on  a  certain 
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date.  Factory  shipment  is  scheduled  accordingly,  allowing  for 
the  vicissitudes  of  railway  transportation,  so  that  demurrage 
may  be  avoided.  The  apparatus  must  be  especially  cribbed  to 
fit  the  entrance  to  substation,  or  perhaps  only  partially  assembled 
or  so  arranged  on  the  cars  that  proper  order  of  removal  may  be 
followed;  perhaps  a  particular  15-ton  piece  has  to  be  placed  on 
the  wagon  in  a  certain  manner  because  it  is  not  possible  to  reverse 
its  position  after  loading. 
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Pig.  6 — Plan   and   Sectional   Elevation   of   Machinery   Intake 


In  the  Class  I  substations,  there  is  naturally  more  latitude  in 
the  choice  of  location  for  this  entrance  than  in  Class  II,  and 
consequently  the  work  is  generally  less  difficult.  The  parts  to  be 
handled  are  usually  smaller  in  Class  I  substations,  so  that  Class 
II  machinery  handling  problems  are  much  more  serious.  For 
instance,  one  substation  has  a  machinery  intake  in  the  exact 
form  shown  in  Pig.  3,  the  course  of  incoming  machinery  being 
indicated  by  dotted  line.  The  apparatus  may  be  10-ft.  (3 .  05-m.) 
cubic  elements  weighing  25  tons,  and  cribbed  for  two  or  three 
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inches  (50  to  75  mm.)  clearance.  The  shaft  walls  are  lightly 
supported,  so  all  weight  must  be  taken  from  lowest  floor.  Pig.  5 
shows  the  section  of  a  machinery  entrance  and  passageway  in 
another  substatioh  under  construction,  which  had  to  be  practic- 
ally hewn  out  of  a  finished  building  basement.  Fig.  6  shows  a 
diagram  of  this  same  entrance. 

Of  really  greater  importance  to  these  substations  is  the  matter 
of  air  supply,  because  until  recently  all  synchronous  converters 
installed  on  the  Chicago  system  had  air-blast  transformers  and 
regulators  and  required  under  extreme  conditions  10,000  cu. 
ft.  (283  cu.  m.)  of  air  per  minute  per  unit  of  1000  kw.  capacity. 
The  temperature  characteristic  of  these  tmits  is  a  55  deg.  cent, 
rise  with  an  overload  of  25  per  cent  and  in  many  cases  50  per 
cent  for  two  hours.  With  the  temperature  of  the  substation  at 
40  deg.  cent.  (104  deg.  fahr.)  and  the  street  level  temperature  at 
35  deg.  cent.  (95  deg.  fahr.),  it  may  be  seen  that  the  problem  of 
bringing  enough  air  to  keep,  say,  six  such  units  below  maximum 
safe  insulation  temperature  is  no  small  one.  Besides,  the  air 
must  be  taken  away  from  the  substation  as  fast  as  it  is  intro- 
duced, in  order  to  avoid  prohibitive  back  pressure. 

Again,  a  comparison  with  a  super-grade  substation  may  be 
made  to  emphasize  the  dimensions  of  this  problem.  In  the  latter 
type,  one  usually  finds  a  half  basement  construction  with  ntmi- 
erous  windows,  which  serve  the  purpose  of  intakes,  and  an  array 
of  large  windows,  also  perhaps  a  monitor  in  the  superstructiire, 
readily  permitting  the  escape  of  the  heated  air,or  perhaps  300  sq. 
ft.  (28  sq.  m.)  of  doorway  which  can  be  opened  at  will.  Referring 
back  to  the  picture  of  the  concrete  enclosed  pit,  built  close  to 
the  lot  lines,  and  bearing  in  mind  the  usual  inviolability  of  build- 
ing lines,  one  may  imagine  the  difficulties  in  the  way  of  adequate 
air  supply. 

The  usual  method  of  bringing  in  air  is  through  a  specially 
designed  grating  in  the  sidewalk,  which  must  be  so  located  that 
it  will  not  inconvenience  the  public  or  the  tenant  whose  business 
is 'carried  on  just  above  the  substation.  The  street  level  location 
of  the  air  intake  gives  rise  to  one  of  the  most  serious  faults  char- 
acteristic of  air  supply  systems  of  this  sort,  viz.,  the  unavoidable 
entrainment  of  large  quantities  of  dirt.  Grating,  screens,  and 
washing  devices  are  of  but  little  avail  against  the  volumes  of 
dirt  swept  along  with  the  40,000  or  50,000  cu.  ft.  (1130-1410 
cu.  m.)  of  air  per  minute  which  scours  the  street  on  its  way  to 
the  intake. 
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Fig.  4. — Lowering  Transformer   into  Court  Pl.   Substation 


Fig.  5. — Machinery  Intake,  Sherman  Street 
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Fig.  7. — Vacuum-Cleaned  Air  Screen, 
Harrison  Street  Substation 
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Again,  during  freezing  weather,  ice  and  snow  make  trouble 
and  in  some  cases  require  special  construction  for  their  control. 
The  dirt  is,  however,  the  most  serious  drawback.  It  can  be 
removed  from  the  exterior  of  accessible  surfaces  more  or  less 
easily,  but  when  blown  into  the  air  ducts  of  an  internally  cooled 
transformer  or  regulator  for  a  period  of  years,  the  weekly  clean- 
ing of  apparatus  retards  but  slightly  the  inevitable  clogging 
of  these  passages.  Manufacturers  have  been  slow  to  recognize 
these  conditions  as  unavoidable,  but  lately  have  offered  some  aid 
by  the  provision  of  internal  ducts  of  less  tortuousness,  which 
may  be  more  effectively  cleaned. 

The  principal  objections  to  air-cleaning  chambers  and  devices 
have  been  first  cost,  space  required,  resistance  to  passage  of 
air  and  operating  expense.  One  promising  new  device  is  a  screen, 
differing  from  ordinary  screens,  in  that  it  is  self -cleaning.  That 
is,  a  motor-driven  endless  cloth  screen  travels  past  a  fixed  vacuum 
sweeper,  and  all  dirt  deposited  can  be  removed  as  fast  as  desired 
by  simply  varying  the  rate  of  travel  of  the  screen.  This  screen 
under  test  caused  a  surprisingly  low  drop  of  pressure,  considering 
the  thickness  of  cloth.  Fig.  7  shows  a  partial  view  of  this 
machine,  viewed  from  the  substation  side. 

Cooling  air  is  drawn  through  the  screening  device,  usually  by 
blowers  in  duplicate  and  of  the  curved  vane  type,  each  usually " 
having  a  capacity  of  25,000  cu.  ft.  (708  cu.  m.)  per  minute  at 
IJ  oz.  (35.5  g.)  pressure,  and  impelled  through  sub-floor  ducts 
to  the  converting  unit. 

As  constructed,  air-blast  synchronous  converter  outfits  are 
not  entirely  adapted  for  service  in  these  sub-grade  substations. 
In  the  super-grade  substations  where  multitudinous  windows 
and  large  doors  are  possible,  little  attention  is  necessary  to  the 
disposal  of  the  heated  air,  as  the  numerous  exits  tend  to  diffuse 
the  air  currents.  In  the  sub-grade  type,  however,  the  direction 
that  all  air  current's  take  upon  leaving  the  room  is  generally 
towards  a  given  point  and  this  fact  makes  the  cooling  of  adjacent 
converters  very  difficult.  A  synchronous  converter  is  usually 
constructed  as  though  it  were  intended  to  operate  where  cool 
air  can  impinge  from  all  directions.  When  operating  in  an  en- 
closed substation  in  close  proximity  to  adjacent  units  where 
blasts  of  heated  air  are  being  thrown  out  by  the  complex  fan 
action  of  their  revolving  armatures  and  drawn  toward  one  comer 
of  the  room  by  the  exhaust  fan,  they  are  subject  to  dangerous 
overheating.    The  transformers  and  regulators  do  not  suffer 
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as  much,  proportionately,  because  of  the  structurally  directed 
internal  air  blast.  The  obvious  remedy  is  to  treat  the  exhaust 
air  as  we  treat  the  supply  air,  and  lead  it  away  through  ducts, 
which  is  fairly  easy  in  the  case  of  the  transformer.  But  to  do 
this  effectively  with  the  synchronous  converter  is  much  more 
difficult.  Radial,  shaftwise,  and  eddy  currents  are  so  indiscrim- 
inate that  the  problem  of  corralling  them  and  leading  them  off 
in  ducts  is  very  difficult  without  sacrificing  accessibility  of  the 
working  parts  of  the  converter. 

Pigs.  8, 9  and  10  show  some  installations  of  this  sort  of  exhaust 
duct  system,  which  actually  lowered  the  temperatiire  of  a  5000- 
kw.  substation  11  deg.  cent.  (20  deg.  fahr.). 

The  exhaust  fan  is  usually  a  single  unit  of  the  positive  blower 
type,  in  some  cases  of  a  capacity  of  25,000  cu.  ft.  (708  cu.  m.) 
per  minute  at  1^  oz.  (42 . 5  g.) .  Disk  fans  are  inadequate,  because 
of  the  resistance  of  available  exhaust  passages. 

After  the  air  has  performed  its  cooling  functions  it  must  be 
disposed  of  at  its  intake  rate  of  perhaps  60,000  cu.  ft.  (1700  cu. 
m.)  per  minute.  It  cannot  be  returned  through  the  sidewalk, 
for  such  a  blast  would  be  a  public  nuisance,  so  advantage  is 
taken  of  every  available  uptake  towards  the  roof — the  building 
stack  or  its  shaft,  any  available  ventilating  or  conduit  shaft,  or 
perhaps  a  separate  duct,  erected  against  the  exterior  wall  in  the 
light  court. 

For  the  service  from  battery  rooms  the  exhaust  blower  and 
shaft  must  be  impervious  to  acid  fumes,  which  means  special 
construction  in  each  case.  Bronze  fans  or  lead-lined  stacks  were 
the  standards  of  earlier  practise,  but  owing  to  cost  and  difficulty 
with  lead  linings  in  stacks  of  considerable  height,  experience  is 
being  sought  with  plastered  ducts.  In  one  case  a  steel  impeller 
with  acid-proof  paint  seems  to  have  met  the  requirements  amply. 

The  difficulties  experienced  with  the  air-blast  t)rpe  synchronous 
converter  outfits  finally  forced  attention  towards  water-cooled 
units,  the  expense  of  water  supply  having  long  delayed  consider- 
ation of  this  type.  Three  substations  are  in  course  of  erection  in 
Chicago  which  will  utilize  converter  outfits  cooled  by  water  from 
the  city  mains.  These  units  are  of  2000  and  3500  kw.  capacity. 
Air  will  still  be  required  for  revolving  apparatus,  but  with  the 
increase  in  capacity  and  the  consequent  reduction  in  number  of 
units  per  substation,  the  problem  of  adequate  housing  and  duct 
work  to  facilitate  cooling  is  simplified. 

The  city  water  has  an  average  yearly  temperature  of  10  deg. 
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cent.  (51  deg.  fahr.)  and  a  summer  temperature  of  22  deg.  cent. 
(72  deg.  fahr.),  which  is  much  lower  than  available  cooling  air 
previously  referred  to.  As  the  3860-kv-a.  transformer  requires 
24  gal.  (90. 8 1.)  of  water  per  minute  at  full  load  with  a  load  factor 
of  32  per  cent,  the  theoretical  substation  requirements  average 
2900  gal.  (10,980  1.)  per  1000  kw.  per  24  hours.  The  calculation 
assumes  the  operation  of  units  in  a  group  of  substations  in  exact 
conformity  with  the  load  curve  in  the  district.  The  actual  con- 
sumption will,  of  course,  be  in  excess  of  this  amount  because  of 
the  manifest  impossibility  of  accomplishing  this  without  imder- 
loads.  But  since  the  periods  of  ftdl  load  occur  during  the  winter 
and  we  are  dealing  with  absolute  temperatures,  overloads  may 
be  taken  with  less  than  proportionate  increase  in  the  gallons  per 
minute  consumption. 

The  theoretical  temperatiu^  rise  of  this  discharge  water  from 
a  3850-kv-a.  transformer  at  full  load  is  approximately  10  deg. 
cent.  (18  deg.  fahr.),  which  checks  fairly  well  with  results  gained 
from  operation  of  similar  apparatus.  This  warm  water,  it  is 
intended,  will  be  wholly  or  partly  sold  to  the  building  manage- 
ment, whose  requirements  may  reach  50,000  gal.  (189,270  1.) 
per  day. 

As  the  substations  are  developed  and  the  amount  of  waste 
water  attains  economical  significance  some  reclaiming  or  recir- 
culating system  will  undoubtedly  be  adopted,  but  operating 
experience  will  afford  the  best  guide  to  a  selection  of  the  proper 
system. 

Pig.  11  shows  the  connections  of  the  water  and  oil  piping  sys- 
tem. Attention  is  called  to  the  fact  that  this  is  an  open  system,  the 
street  main  pressure  being  depended  upon  to  force  water  through 
the  cooling  coils  and  the  discharge  being  open  to  atmosphere. 
All  apparatus  is,  however,  below  the  level  of  the  street  mains 
and  sewer.  Ejector  pumps  in  duplicate  are  used  to  lift  the  water 
to  the  sewer  from  the  discharge  tank  or  to  the  building  mains. 
Duplicate  supply  services  from  mains  to  different  streets,  dupli- 
cate ejector  pumps  and  the  general  reliability  of  the  water  supply 
of  a  large  city,  all  niake  for  the  security  which  must  be  a  featiire 
in  a  system  of  this  kind. 

In  each  of  the  3850-kv-a.  transformers  there  are  3100  gal. 
(11,730 1.)  of  oil  which  must  be  capable  of  being  easily  introduced^ 
renovated,  and  replaced.  The  transformers  are  enclosed  by 
compartments  of  concrete  with  doors  of  iron,  which  are  practi- 
cally tight.    An  open  drain  of  324  sq.  in.  (2090  sq.  cm/ 
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beneath  the  several  compartments  and  is  intended  to  convey 
to  a  3500-gal.  (13,250-1.)  pump,  any  oil  which  might  be  suddenly 
liberated  from  the  transformer  casing.  A  considerable  piping 
system  is  needed  for  accomplishing  this.  Preliminary  to  the 
design  of  the  oil  piping  system  opinions  were  asked  of  engineers 
and  manufacturers,  regarding  the  necessity  of  providing  for 
quick  discharge  of  the  oil  in  emergencies.  Operating  engineers 
favored  this  provision,  but  the  manufacturers  claimed  that  it 
is  sufficient  to  close  the  transformer  tightly  in  case  of  fire  in  order 
to  retain  the  oil,  and  smother  any  flames  which  might  occur. 
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Fig.  11 — Diagram  of  Connections  for  Oil  and  Water  Piping    for 
Transformers  and  Regulators 


It  is,  of  course,  desirable  to  retain  the  oil  in  case  of  fire  as  this 
would  undoubtedly  lessen  the  damage  to  the  transformer,  but 
the  oil  may  be  liberated  by  an  arc  burning  a  hole  through  the 
case,  in  which  event  it  may  be  very  valuable  to  have  means 
for  quickly  drawing  off  the  oil. 

In  the  diagram,  Fig.  11,  are  several  special  features  designed 
to  increase  the  universality  of  the  oil  pipe  system  as  much  as 
possible,  and  the  construction  is  such  as  to  amplify  in' every  pos- 
sible way  all  precautionary  features.  The  pumps,  which  are 
shown  as  a  part  of  the  oil  filter  system,  are  so  connected  that  thejv 
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may  serve  either  as  filter  or  ejector  pumps.  Also  the  large  sump 
shown,  which  is  beneath  the  floor,  may  act  either  as  a  temporary 
storage  of  renovated  oil  or  as  a  receiver  for  oil  lost  from  a  unit 
in  service. 

The  reason  for  the  apparently  high  structural  cost  of  these 
sub-grade  substations  is  the  dual  relation  of  the  construction  to 
the  building  itself  and  to  the  apparatus  installed.  It  is  expensive 
to  construct  deep  walls  actually  proof  against  water  leaking  and 
to  provide  for  locating  machinery  upon  a  floor,  which  serves  also 
the  purpose  of  holding  the  building  together,  because  essential 
features  of  such  a  type  of  floor  construction  will  generally  limit 
its  adaptation  to  other  purposes.  For  instance,  just  at  the  point 
where  cable  space  is  needed  behind  a  switchboard  a  false  wall 
may  require  an  extra  foot  (30  cm.),  or  just  at  the  point  where 
air  ducts  may  be  desired  in  the  floor,  a  36-in.  (91-cm.)  steel  girder 
or  its  concrete  equivalent  may  be  located;  or,  as  in  one  recent 
site,  the  whole  floor  must  be  reinforced  so  as  to  keep  the  earth 
below  the  building  from  being  thrust  upwards. 

In  one  of  the  older  substations  where  spread  footing  of  columns 
claimed  nearly  50  per  cent  of  the  available  loading  area  of  the 
basement  floor,  about  one-half  the  weight  of  the  battery,  or 
400  tons,  had  as  a  consequence  to  be  carried  on  cantilever  beams 
under  the  floor. 

If  the  building  in  which  the  substation  is  to  be  located  is  an 
old  one  and  only  small  units  are  to  be  installed,  then  the  cost  of 
the  building  construction  required  may  be  fairly  low  per  unit 
but  the  cost  per  kilowatt  high.  If  the  building  is  an  old  one 
and  the  apparatus  to  be  installed  is  of  a  size  of  the  more  modem 
units,  then  the  cost  of  building  construction  p^  unit  may  be 
doubled,  but  the  cost  per  kilowatt  will  be  lower.  If  the  building 
be  a  new  structure  and  plans  for  substations  can  be  made  a  part 
of  building  plans  proper,  the  substation  structural  cost  will  be 
reduced  very  materially. 

Building  ordinances  and  other  municipal  regulations  and  in- 
terests play  a  considerable  part  in  the  development  of  these 
sites,  and,  together  with  the  extraordinary  nature  of  the  business 
of  the  substation  as  compared  with  that  of  the  average  tenant  of 
large  down-town  buildings,  bring  about  some  anomalous  con- 
ditions. Ventilation,  sidewalk  restrictions,  emergency  exits, 
street  and  alley  compensation  and  other  matters  not  so  prominent 
in  ordinary  construction,  feature  strongly. 

It  seems  qtiite  pertinent  to  emphasize  a  fact  that  has  a  1 


Digitized 


by1S*5bgl( 


1710 


J  A  MIESON:     BASEMENT  S  UBSTA  TIONS       [June  26 


on  appraisals  of  this  portion  of  an  operating  company's  invested 
capital  in  rented  properties.  There  is  probably  no  portion  of 
the  company's  real  property  where  large  sums  of  money  may  be 
invested  for  structural  purposes  with  so  little  visible  result  as 
in  the  construction  of  a  system  of  these  substations.  Conduit 
systems  are  more  invisible,  but  a  simple  street  chart  and  a  few 
unit  costs  afford  a  very  accurate  guide  to  estimating  of  values. 

The  type  of  apparatus  installed  in  these  substations  fixes  the 
interior  construction  to  a  great  extent.  Synchronous  converters 
are  here  practically  the  only  type  of  units  in  use.  Gross  floor 
spaces  of  0.95  sq.  ft.  (0.088  sq.  m.)  per  kw.  were  average  figures 


Fig.  12 


for  substations  containing  units  up  to  500  kw.  capacity,  whereas 
0. 54  sq.  ft.  (0.05  sq.  m.)  per  kw.  suffices  for  substations  contain- 
ing 3500-kw.  units.  Remembering  that  the  transmission  and 
distribution  apparatus  do  not  require  any  less  space  per  kilowatt 
than  they  did  with  smaller  units,  it  is  clear  that  the  large  units 
have  contributed  wonderfully  towards  economy  of  space. 

Figs.  12  and  13  show  a  plan  and  elevation  of  one  of  the  largest 
and  most  modem  substations  of  the  sub-grade  type  which  is 
under  construction.  This  substation  has  26  ft.  (7.9  m.)  head 
room,  and  floor  space,  including  gallery,  of  10,600  sq.  ft.  (985 
sq.  m.),  which  will  permit  of  16,000  kw.  in  converter  capacity 

d  a  battery  capacity  of  1875  kw.  (one-hour  rate).  One  con- 
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spicuous  feature  is  the  ease  of  access  to  the  conduit  system  in 
the  three  adjoining  streets,  a  feattire  so  seldom  secured.  The 
machinery  intake  is  on  a  wide  street  where  the  volume  of  traffic 
is  comparatively  small,  which  is  favorable  both  for  machinery 
handling  and  air  supply.  Boilers  in  an  adjoining  room  will 
assist  in  the  disposal  of  heated  air  from  the  substation  by  their 
combustion  requirements  and  may  also  help  to  dispose  of  the 
cooling  water. 
Favorable  conditions  such  as  these  are  not  to  be  had  with  all 


■^  "  |a''LIVtL 


Fig.  13 — Sectional  Elevation  of  Substation  Shown  in  Fig.    12 

sites  secured,  since  many  factors  other  than  electrical  or  physical 
determine  availability  of  locations,  but  withal  the  nimiber  and 
size  of  these  prospective  substations  are  rapidly  increasing. 

Because  of  the  desire  to  treat  these  substations  as  a  type,  indi- 
vidual descriptions  have  been  omitted  and  the  characteristics 
of  the  type  emphasized;  for,  with  the  increasing  values  of  real 
estate  in  other  large  cities  it  is  probable  that  this  type  of  substa- 
tion will  awaken  in  the  future  a  greater  interest  among  electrical 
engineers. 
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OPERATION  OF  FREQUENCY  CHANGERS 


BY   N.    E.    FUNK 


The  object  of  this  paper  is  to  discuss  the  general  conditions 
governing  parallel  operation,  the  theory,  practical  operation,  and 
methods  of  synchronizing  two  or  more  frequency  changers  con- 
sisting of  two  synchronous  machines  which  tie  together  two 
systems  of  different  frequency  at  one  or  more  points.  When  only 
one  frequency  changer  is  used  to  connect  two  systems,  all  of  the 
difficulties  experienced  in  the  parallel  operation  of  frequency 
changers  disappears,  as  the  operation  then  involves  only  con- 
necting a  synchronous  motor  to  one  system  and  a  synchronous 
generator  to  the  other.  The  only  diffictdty  in  this  case  is 
the  adjustment  of  the  frequencies  of  the  two  systems  to  permit 
synchronizing. 

Before  any  definite  idea  of  the  method  of  performing  an 
operation  can  be  grasped,  it  is  necessary  to  understand  fxilly  the 
underlying  principles  governing  the  phenomena  in  question. 
These  principles  must  be  reduced  to  their  simplest  value,  which, 
while  affecting  the  accuracy  of  the  final  resxilt,  still  presents  it 
in  the  most  comprehensive  manner. 

General  Conditions 
1.  Suppose  the  motors  and  generators  of  two  frequency- 
changer  sets  are  in  synchronism,  and  the  motors  only  are  con- 
nected to  the  bus.  Since  these  motors  are  synchronous  machines, 
they  will  keep  both  units  of  each  machine  in  phase.  The  genera- 
tor of  one  set  is  now  connected  to  the  bus  and  slowly  loaded, 
while  the  other  generator  is  allowed  to  run  light.  If  the  synchro- 
scope is  connected  to  these  generators  before  any  load  is  on  the 
bus,  the  indicator  will  assume  a  position  showing  synchronism. 
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As  the  load  is  increased,  the  synchroscope  indicator  will  slowly 
move  away  from  the  position  of  synchronism,  the  angle  of 
variation  being  roughly  proportional  to  the  load.  This  voltage 
lag  angle  is  due  to  the  magnetic  lag  of  the  armature  and 
mechanical  lag  of  the  fields  of  the  loaded  machine  due  to  load. 
If  it  is  necessary  to  parallel  the  unloaded  machine  with  the  loaded 
machine,  this  machine  switch  must  be  closed  with  the  synchro- 
scope needle  out  of  synchronism,  since  it  will  assume  the  same 
lag  as  the  loaded  machine  when  it  carries  its  share  of  the  load. 

2.  If  one  of  the  sets  is  running  unloaded,  and  the  other  set 
is  brought  from  rest  to  ftdl  speed,  preparatory  to  synchronizing, 
it  will  be  noted  after  both  synchroscopes  have  been  connected 
that  when  one  synchroscope  indicates  synchronism,  the  other 
one  may  be  at  various  different  positions  on  the  synchroscope 
face,  and  vice  versa.  If  the  systems  are  60-cycle  and  25-cycle 
respectively,  there  will  be  twelve  different  indications  of  the 
25-cycle  pointer  for  synchronous  indications  on  the  60-cycle 
synchroscope,  and  five  different  indications  of  the  60-cycle 
pointer  for  synchronous  indications  on  the  25-cycle  synchroscope. 

Theory 

1 .  Any  alternating-current  apparatus  containing  a  current- 
carrying  winding  through  which  magnetic  lines  are  passing,  is 
subject  to  induced  voltage  drops.  The  armature  of  an  alternator 
is  no  exception  to  this  general  rule.  The  voltage  at  the  terminals 
of  an  alternator  carrying  load  is  therefore  less  than  the  generated 
voltage,  by  the  vector  difference  of  the  generated  voltage  and 
the  resistance  and  inductance  drop.  Fig.  1  represents  a  single- 
phase  generator  and  is  self-explanatory,  inasmuch  as  it  is  the 
conventional  clock  diagram  showing  the  voltage  drop  in  a  cir- 
cuit containing  inductance  and  resistance.  In  Fig.  1  let  E  equal 
the  maximtmi  value  of  the  terminal  voltage,  Eg  the  maximiun 
value  of  the  generated  voltage,  and  /  the  maximum  value  of 
the  load  current. 

CO  L  inductive  ohms  of  armature.  R  resistance  of  armature, 
cos  d  power  factor  of  load  current.  To  make  the  problem  as 
simple  as  possible,  consider  unity  power  factor.  This  corres- 
ponds to  actual  conditions,  as  frequency  changers  are  operated 
at  100  per  cent  power  factor  wherever  possible. 

Fig.  2  shows  the  voltage  relations  in  this  system.  The  volt- 
age E  lags  behind  the  generated  Eg  by  an  angle  that  is  roughly 
proportional  to  the  inductance  of  the  armatiu^  times  the  load 
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carried;  since  the  inductance  is  fairly  constant  this  angle  may  be 
assumed  to  vary  with  the  load.  The  effect  of  resistance  in  Fig.  2 
is  to  reduce  the  terminal  voltage  but  not  to  make  any  great 
change  in  the  voltage  lag  angle.  The  resistance  effect  will 
therefore  be  neglected  in  the  following  discussion.  If  the  genera- 
tor is  assumed  to  be  operating  as  a  synchronous  motor,  the  effect 
will  be  the  same  as  in  Fig.  2  except  that  E  and  Eg  will  now  change 
(daces  since  the  counter  ft.m.f.  of  the  motor  is  less  than  the  bus 
voltage  by  the  drop  in  the  motor  armature.  Assume  that  the 
frequency-changer  set  consists  of  a  60-cycle  motor  driving  a  25- 
cycle  generator.  Let  Ki  equal  the  proportionality  factor  by 
which  the  load  L  may  be  multiplied  to  obtain  the  lag  angle  of  the 
bus  voltage  behind  the  generator  voltage,  and  K,  the  same  factor 
for  the  motor,  ai"  and  a°  are  the  corresponding  lag  angles. 
Assume  the  set  is  carrying  a  given  load  L.     The  counter  e.m.f. 


Fig.  1 


Pig.  2 


of  the  60-cycle  motor  will  be  a®  behind  the  position  it  would 
assume  at  this  instant  if  the  motor  were  unloaded,  a^  ^  K  L. 
The  field  poles  will  be  behind  the  position  they  would  occupy 
at  this  instant  if  the  machine  were  unloaded  by  a^/p/2  mechanical 
degrees,  where  p  is  the  number  of  poles  on  the  machine.  The  field 
poles  of  the  25-cycle  machine  are  rigidly  connected  to  the  60- 
cycle  machine  poles  and  are  therefore  the  same  mechanical 
degrees  behind  the  position  they  would  assume  at  this  instant  if 
the  machine  were  unloaded.  The  maximum  value  of  the  25- 
cycle  generated  voltage  will  occur 

Pi 


p/2 


X 


dectrical  degrees  after  it  would  occur  if  the  machine  were  un- 
loaded, pi  being  the  poles  on  the  25-cycle  machine.  The  bus 
voltage  of  the  26-cycle  generator  as  in  any  generator  will  lag^lc 
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behind  the  generated  voltage  by  an  angle  proportional  to  the 
load,  ai®  =  Ki  L,  The  maximum  voltage  of  the  25-cycle 
bus  will  occur  at  an  instant  later  than  it  would  occur  if  the 
machine  were  unloaded  by  a  time  angle  of 

and  this  lag  angle  will  vary  with  the  load.  It  should  be  under- 
stood that  while  the  above  relation  is  true  only  for  unity  power 
factor,  it  is  a  rough  indication  of  what  is  happening  in  the  arma- 
ture of  the  set  and  is  much  more  apparent  than  the  complicated 
formula  that  illustrate  actual  conditions,  which  are  given  at  the 
end  of  the  article. 

Having  now  established  the  fact  that  there  is  a  time  lag  angle 
between  the  maximum  values  of  the  generated  voltage  when  the 
machine  is  carrying  load  and  when  unloaded,  the  next  step  is 
to  determine  what  effect  this  phenomenon  will  have  in  paralleling 
two  frequency  changer  sets.  If  both  sets  were  unloaded,  it 
would  only  be  necessary  to  parallel  the  machines  when  both 
60-and  25-cycle  synchroscopes  indicate  synchronism.  Condi- 
tions change  however,  when  it  becomes  necessary  to  parallel 
an  unloaded  set  with  a  loaded  set.  The  generator  of  the  un- 
loaded set  will  have  no  lag  while  the  25-cycle  bus  voltage  of  the 
loaded  machine  will  have  a  time  angle  lag  of 


(/c  5  +J5:.)  =  ^» 


behind  the  position  it  would  occupy  if  unloaded  at  this  instant. 

If  the  maximum  voltage  of  the  loaded  machine  is  /3^  behind 
the  position  it  would  occupy  if  unloaded,  and  the  maximum  volt- 
age of  the  unloaded  machine  coincides  with  the  unloaded  posi- 
tion of  the  loaded  machine,  then  the  unloaded  machine  must  be 
ahead  of  the  loaded  machine  by  an  angle  j8".  It  is  necessary 
to  close  the  25-cycle  switch  of  the  unloaded  machine  when  it  is 
jS®  ahead  of  bus  voltage  in  phase  if  it  is  to  assiune  its  share  of 
the  load. 

If  the  25-cycle  machine  were  synchronized  first,  the  indication 
of  the  60-cycle  synchroscope  would  show  the  motor  voltage  be- 
hind the  60-cycle  bus  voltage  by  an  angle 
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This  can  be  easily  understood  after  a  moment's  thought.  For, 
since  the  loaded  25-cycle  bus  voltage  is  behind  the  position  it 
assumes  at  this  instant  if  unloaded  and  the  25-cycle  unloaded 
machine  is  in  synchronism  with  it,  but  has  no  time  to  lag  in  its 
own  armature  or  the  armature  of  the  60-cycle  machine  con- 
nected to  it,  the  time  lag  of  the  loaded  machine  is  reflected  in  the 
60-cycle  synchroscope  indication  of  the  unloaded  machine. 

The  synchroscope  indications  will  be  as  shown  in  the  diagrams, 
Figs.  3,  4,  5  and  6. 

Load  Transferred  From  60-Cycle  to  25-Cyclb  Bus 

Fig.  3 — 60-Cycle  Machine      Fig.  4 — 25-Cyclb  Machine 
Synchronized  First  Synchronized  First 

Load  Transferred  From  25-Cycle  to  60-Cycle  Bus 

eO-  25_  eO~  25- 

OO         OO 

Fig.  6 — 25-Cycle  Machine      Fig.  6 — 60-Cycle  Machine 
Synchronized  First  Synchronized  First 

These  four  indications  are  the  only  indications  obtainable 
when  it  is  correct  to  put  both  ends  of  the  set  in  parallel.  Of 
course,  the  angles  indicated  on  the  synchroscope  will  vary  from 
zero  at  no  load  on  the  running  machine  to  an  angle  depending 
upon  the  value  of  the  inductance  of  the  armattures  of  the  60- 
and  25-cycle  machines  of  the  set  and  the  load  carried. 

Variations  in  Synchroscope  Indications 
If  above  phenomena  were  the  only  troubles  incident  to  parallel- 
ing frequency-changing  sets  in  which  the  frequency  of  one 
machine  is  not  a  mxUtiple  of  the  other,  there  wotdd  be  nothing 
more  to  say  about  the  matter,  but  as  a  matter  of  fact,  the  most 
annoying  part  of  the  operation,  to  the  operator  at  least,  is  the 
fact  that  there  is  only  one  set  of  poles  on  the  unit  at  which 
synchronism  occurs  at  the  same  instant  on  both  the  60-  and  25- 
cycle  synchroscopes.  That  is,  only  one  indication  in  twelve 
on  the  60-cycle  and  one  in  five  on  the  25-cycle  is  the  correct  one 
for  paralleling. 
Consider  a  24-pole,  60-cycle  machine  connected  to  a  lO-gple, 
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25-cycle  machine.  Asstime  that  a  positive  machine .  pole  has 
come  to  rest  under  the  middle  of  one  of  the  phase  windings  in 
each  machine.  This  position  will  indicate  synchronism  on  both 
synchroscopes.  Now,  turn  the  fields  until  the  second  60-cyde 
positive  pole  asstmies  the  position  that  the  first  pole  assumed. 
The  fields  will  have  been  ttuned  through 

360.  _  30 
12        ^ 

mechanical  degrees.  The  25-cycle  machine  poles  will  also  have 
moved  30  mechanical  degrees  but  since  the  positive  poles  are 


360 
5 


72 


mechanical  degrees  apart,  the  positive  pole  will  not  be  near  the 
middle  of  the  winding  and  therefore  will  indicate  some  other 
than  synchronous  position  on  the  synchroscope.  The  follow- 
ing diagram  (Fig.  7)  indicates  the  relation  these  various  pole 
positions  bear  to  one  another. 
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Fig.  7 

The  vertical  lines  above  the  horizontal  line  represent  the 
middle  of  the  positive  poles  on  the  60-cycle  machine  and  the 
vertical  lines  below  the  horizontal  line  represent  the  middle  of 
the  positive  poles  on  the  25-cycle  machine.  Point  1  is  the  ref- 
erence point  and  represents  the  middle  point  of  an  armature 
winding  on  one  phase  of  each  machine.  The  arrow  indicates 
the  direction  in  which  the  machines  are  supposed  to  be  rotating. 
If  the  machines  are  revolving  at  the  same  speed  and  No.  1 
point  of  both  machines  coincide,  then  both  synchroscopes  would 
indicate  zero,  but  if  No.  1  point  of  the  60-cycle  No.  1  machine 
coincided  with  Point  No.  6  60-cycle  of  No.  2  machine,  then  the 
nearest  pole  to  No.  1,  25-cycle  of  No.  1  machine  would  be  No.  3 
pole  of  No.  2  machine  which  is  5  X  30  -  2  X  72  =  6  mechanical 
degrees  behind  synchronous  indication.  If  No.  2  machine  is 
speeded  up  slightly  then  the  60-cycle  needle  will  revolve  five 
times  before  both  No.  1  poles  coincide,  and  the  25-cycle  needle 
will  revolve  twice. 
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It  is  easily  seen  that  at  no  point  will  be  maximum  value  of  the 
26-cycle  voltage  occur  simultaneously  vdth  the  maximum  value 
of  the  60-cycle  voltage  except  at  zero  or  360  which  are  one  and 
the  same  point.  To  plot  these  indications  on  the  face  of  the 
synchroscope  it  is  necessary  to  construct  a  table  showing  the 
mechanical  and  then  the  electrical  degree  variations;  consid^- 
ing  first,  synchronous  indications  on  the  60-cycle  synchroscope 
and  then  on  the  25-cycle  synchroscope.  0,  will  be  used  to  in- 
dicate synchronism,  +  or  —  indicates  that  the  angle  in  question 
is  clockwise  or  counter-clockwise  from  synchronous  position. 
The  tables  are  given  below  and  in  connection  with  the  diagram 
will  be  readily  understood  when  the  first  two  steps  are  explained. 
Consider  pole  No.  1,  60-cycle.  When  this  pole  is  under  the 
middle  of  one  phase  of  the  armattu-e  winding  the  synchroscope 
indicates  zero,  the  26-cycle  synchroscope  will  also  show  0,  since 
No.  1  pole  is  supposed  to  be  under  the  middle  of  one  phase  of 
the  26-cycle  armature  winding.  Suppose  that  instead  of  No.  1 
pole  60-cycle,  No.  2  pole,  60-cycle  was  under  the  middle  of  the 
same  phase  winding.  No.  1  pole,  25-cycle  would  then  be  30 
mechanical  degrees  behind  the  middle  of  the  phase  winding  of 
the  26-cycle  armature  and  be  approaching  it,  therefore,  it  would 
be  behind  in  phase  relation  or  on  the  slow  side  of  the  synchroscope. 
Similarly  No.  3  pole,  60-cycle  would  be  at  its  maximum  posi- 
tion when  No.  2  pole,  25-cycle  had  passed  the  middle  position 
of  the  reference  line  on  the  armature  and  therefore  wotdd  indi- 
cate a  leading  phase  position  on  the  synchroscope;  i.e.,  the 
pointer,  would  be  on  the  fast  side  of  the  synchroscope.  The 
indications  on  the  60-cycle  synchroscope  are  worked  out  in  the 
same  manner.     (See  Table  II  and  Fig.  7). 

The  application  of  the  data  at  hand  is  the  next  point  to  which 
to  turn  our  attention.  Suppose  the  set  is  being  synchronized 
and  the  speed  is  slightly  above  synchronism.  When  the  60- 
cycle  synchroscope  shows  synchronism,  the  25-cycle  is  90  deg. 
on  the  left  hand  side  of  the  synchroscope  face.  Look  in  the 
table,  and  opposite— 90  is  found  pole  No.  4  on  the  60-cycle 
machine.  Since  the  machine  is  running  fast  this  means  that 
by  the  third  time  the  60-cycle  pointer  moves  around  the  dial, 
the  25-cycle  pointer  will  have  reached  synchronous  position. 
If  the  machine  were  running  slow,  it  would  be  necessary  for  the 
60-cycle  pointer  to  revolve  9  times  before  both  synchroscopes 
showed  synchronism.  Instead  of  using  the  tables,  it  is  much 
more  convenient    to   construct  a  small  indicator  similar 
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synchroscope  face  and  locate  the  values  on  this.  As  these 
markings  will  vary  with  the  method  of  synchronizing,  as  will  be 
explained  later,  the  general  methods  of  starting  will  be  taken  up 
and  the  use  of  the  calculator  illustrated  for  each  case. 


TABLE  I 


Syn. 

Syn. 

Syn. 

Syn. 

1 
Syn.      1      Syn. 

Pole 

indications 

indications 

indication! 

Pole 

indications 

Indications  Indications 

No. 

60- 

26- 

mech. 

26- 

elec. 

No. 

60- 

25-              «»-       t 

mech.            dec. 

1 

0 

0 

0 

7 

0 

-36 

1 
-180 

2 

0 

-30 

-150 

8 

0 

+  6            +30 

1        3 

0 

+12 

+  60 

0 

0 

-24            -120 

;      4 

0 

-18 

-  90 

10 

0 

+18       t      +  90 

>        6 

0 

+24 

+120 

11 

0 

-12-60 

6 

0 

-  6 

-  30 

12 

0 

+30            +160 

TABLE  II 


Syn. 

Syn. 

Syn. 

Pole 

indications 

indications 

Indications 

No. 

25- 

1         60- 

60- 

mech. 

elec. 

1 

0 

:      0 

0 

2 

0 

-12 

-144 

3 

0 

!         +  6 

+  72 

4 

0 

-  6 

-  72 

5 

1 

0 

!          +12 

+144 

Methods  of  Starting 

1.  By  induction  motor  or  d-c.  motor  mounted  on  shaft  of 
frequency  changer  set. 

2.  By  using  one  of  the  machines  of  the  frequency  set  as  an 
induction  motor. 

Firsi  Method — Induction  Starting  Motor.  This  motor  is 
usually  of  the  wound  rotor  type.  Suppose  load  is  being  trans- 
ferred from  the  60-cycle  to  the  25-cycle  bus.  The  process  of 
starting  is  as  follows.  The  induction  motor  is  put  on  the  bus 
with  all  the  resistances  in  the  rotor,  and  as  the  machine  comes 
slowly  up  to  speed  this  resistance  is  cut  out.  The  fields  of  both 
synchronous  machines  are  put  on  and  the  60-cycle  field  is  ad- 
justed to  give  60-cycle  bus  voltage.  It  is  impossible  so  to  ad- 
just the  rotor  resistance  that  exact  synchronizing  speed  is 
obtained,  since  changes  in  resistance  due  to  heating  will  change 
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the  slip  and  the  steps  in  the  resistance  would  have  to  be  very 
large  in  number  vdth  small  values  between  the  steps.  Proper 
speed  may  be  obtained  by  using  the  resistance  step  that  gives  the 
nearest  value  to  synchronous  speed  and  obtaining  the  finer  ad- 
justment by  varying  the  26-cycle  field.  This  changes  the  iron 
loss  in  the  25-cycle  armature  and  thus  the  load  and  slip  on  the 
induction  starting  motor.  The  60-cycle  machine  will  be 
synchronized  first  and  then  the  25-cycle  machine  will  be  put  on, 
as  it  is  more  logical  to  connect  the  motor  to  the  source  of  supply 
before  connecting  the  generator  to  the  load.  It  is  now  necessary 
to  construct  our  synchronizing  indicators  before  we  can  intelli- 
gently synchronize  our  machines. 

These  synchronizing  indicators  consist  of  small  cardboard 
representations  of  the  synchroscope  face  with  a  revolving  disk 
attached.  On  this  disk  are  shown  the  synchroscope  pointer 
and  the  positions  the  pointer  will  assume  at  other  than  synchron- 
ous indications.  In  Fig.  8  the  outer  circle  represents  the  sta- 
tionary disk  of  the  indicator  while  the  inner  circle  is  the  revolving 
disk. 

The  outside  circle,  Fig.  8,  is  divided  into  36  10-deg.  spacings 
and  these  same  divisions  are  marked  on  the  25-cycle  synchroscope 
face.  The  inner  movable  disk  is  divided  into  12  divisions  cor- 
responding to  each  position  that  the  25-cycle  pointer  assumes 
when  the  60-cycle  pointer  indicates  synchronism.  The  10-deg. 
spacings  are  numbered  arbitrarily  and  no  numbers  are  used 
higher  than  9  to  save  confusion  when  standing  at  a  distance  from 
the  synchroscope.  The  12  spaces  on  the  moving  disk  are  laid 
off  as  follows.     (See  Table  I  and  Fig.  7). 

When  both  25-cycle  and  60-cycle  machines  are  in  synchronism, 
the  indication  is  as  shown  by  the  black  synchroscope  dial  hand. 
When  60-cycle  pole  No.  2  is  at  No.  1  pole  position,  the  25-cyde 
pointer  will  have  to  move  150  degrees  while  the  60-cycle  pointer 
moves  around  the  dial  once  if  the  machine  is  running  slightly 
above  synchronism;  therefore,  the  position  marked  1  on  the  25- 
cycle  synchroscope  means  that  the  60-cycle  synchroscope  pointer 
must  make  one  more  complete  revolution  before  both  will  be 
in  synchronism.  If  the  machine  were  running  slightly  below 
synchronism,  the  correct  pole  for  synchronizing  would  be  moving 
farther  away  from  the  synchronizing  position  and  it  would  be 
necessary  for  the  machine  to  make  a  complete  revolution  rela- 
tive to  the  running  machine;  therefore,  the  60-cycle  synchroscope 
pointer  would  be  compelled  to  revolve  11  times  before  both 
pointers  woidd  indicate  synchronism  simultaneously. 
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In  a  similar  manner,  when  No.  3  pole,  60-cycle  is  at  No.  1 
pole  position,  No.  2  pole  25-cycle  is  60  degrees  ahead  in  phase, 
and  it  is  necessary  for  the  60-cycle  synchroscope  pointer  to  re- 
volve 2  times  fast,  or  10  times  slow  before  both  are  in  synchron- 
ism. The  60-degree  mark  is  therefore  labelled  2  fast  or  10  slow. 
The  small  arrows  indicate  the  direction  in  which  the  needle 
is  rotating.     In  this  manner,  all  the  other  points  are  labelled. 

In  the  first  part  of  this  paper,  the  lag  angle  due  to  load  was 
explained.  On  the  top  of  the  stationary  dial  to  the  right  and 
left  are  laid  off  the  markings  indicating  the  position  of  the  pointer 
for  various  loads.  The  method  of  obtaining  these  load  markings 
is  given  at  the  end  of  this  paper. 

To  continue  with  synchronizing  the  machines.  Suppose  the 
amount  of  load  carried  by  the  running  machines  is  X  (See  Figs. 
8  and  3).  Both  synchroscopes  are  revolving  slowly  in  the  fast 
direction.  Set  the  pointer  to  X,  this  revolves  all  the  indications 
for  other  than  synchronous  positions  as  it  should,  since  they  are 
affected  by  load  as  well  as  the  synchronous  position  of  the  pointer. 
Suppose  the  25-cycle  pointer  lies  between  8  and  9  (y)  when  the 
60-cycle  pointer  shows  synchronism  (by  inspection  it  will  be  seen 
that  is  the  point  10^  W2  will  assume  when  the  inner  dial  is 
shifted).  This  means  that  the  second  time  the  60-cycle  pointer 
rotates  around  the  dial  face  and  comes  to  synchronism  is  the 
proper  time  to  close  the  60-cycle  switch.  When  this  has  oc- 
curred the  26-cycle  pointer  will  occupy  the  position  indicated  by 
X.  The  25-cycle  field  is  then  adjusted  and  after  the  starting 
motor  has  been  taken  off,  the  25-cycle  switch  is  closed,  with  the 
25-cycle  pointer  about  22  deg.  ahead  of  the  bus  in  phase.  The 
machine  will  assume  its  correct  share  of  the  load. 

If  instead  of  rotating  fast,  the  synchroscopes  had  been  rota- 
ting slowly,  then  the  60-cycle  pointer  would  have  rotated  10  times 
before  the  25-cycle  pointer  would  have  reached  X  when  the  60- 
cycle  pointer  indicated  synchronism. 

If  the  load  was  being  transferred  from  the  25-cycle  bus  to  the 
60-cycle  bus  and  the  machines  were  synchronized  in  the  same 
sequence  as  before,  the  point  marked  Xi  would  be  the  proper 
indication  of  the  26-cycle  pointer  when  the  60-cycle  switch 
should  be  closed  (see  Figs.  6  and  8).  The  last  method  should 
only  be  used  when  there  is  some  reason  for  not  using  the  25- 
cycle  switch  for  synchronizing  purposes. 

Suppose  that  all  the  conditions  of  starting  are  the  same  as 
stated  for  the  above,  except  that  load  is  to  be  transferred  from 
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the  25-cycle  to  the  60-cycIe  bus  and  that  the  26-cycle  machine, 
being  the  motor,  is  to  be  synchronized  first.  A  new  synchroniz- 
ing indicator  is  necessary,  and  will  show  on  the  60-cycle  synchro- 
scope the  number  of  times  that  the  26-cycle  pointer  must  re- 
volve before  the  26-  and  60-cycle  synchroscopes  will  indicate 
synchronism  simultaneously.  This  indicator  is  constructed  the 
same  as  Pig.  8,  except  that  Table  II  and  Pig.  7  are  used.  The  load 
IsLg  angle  will  be  greater  on  the  60-cycle  synchroscope  than  on  the 
25-cycle.  Suppose  for  a  given  load  the  electrical  degrees  dis- 
placement are  10  in  both  armatures,  the  lag  on  the  26-cycle 
synchroscope  is 

^     +  10  =  14.16  deg. 


10  X 


12 


MACHINE  LOAD 
MARKINGS 

X 


Fig.  8 


FiG.9 


and  on  the  60-cycle  synchroscope  is 

12 


10  X 


10  =  34  deg. 


The  operation  of  synchronizing  is  the  same  as  for  Fig.  8,  except 
25-cycle  is  substituted  where  60-cycle  is  used,  and  vice  versa. 

The  only  difference  in  operation  where  a  d-c.  starting  motor 
is  used  is  that  it  is  possible  to  obtain  correct  synchronous  speed 
by  adjusting  the  d-c.  motor  field  and  it  is  therefore  unnecessary 
to  use  the  synchronous  generator  field  as  a  speed  adjusting 
medium. 

Second  Method.  Assume  the  60-cycle  machine  acting  as  a 
motor  and  load  being  transferred  from  the  60-cycle  to  the  25- 


Digitized  by 


Google 


1724 


FUNK:    FREQUENCY  CU ANGERS 


(June  26 


cycle  bus.  The  60-cycle  machine  is  started  at  reduced  voltage 
by  an  auto-starter  or  some  other  means.  When  the  machine 
has  reached  full  speed  the  field  is  put  on  both  units.  It  is  now 
necessary  to  construct  a  synchronism  indicator  since  only  one 
synchroscope  will  be  available  for  synchronizing.  The  25-cycle 
synchroscope  will  be  laid  off  as  before,  the  only  difference  being 
that  the  markings  now  indicate  the  ntmiber  of  times  the  25-cycle 
pointer  must  pass  synchronous  indication  before  the  proper 
synchronizing  point  is  reached.  This  may  be  constructed  from 
table  I  and  Fig.  7,  or  from  Fig.  8  by  multiplying  the  numbers  on 
the  dial  by  5/12  and  discarding  the  remainder.  The  closing  of 
the  60-cycle  motor  field  locks  the  set  in  synchronism  on  the 
60-cycle  side.     Suppose  the  25-cycle  pointer  is  at  y,  this  cor- 


FiG.  10 


Fig.  11 


responds  to  1  on  the  revolving  dial  when  the  pointer  has  been 
placed  at  X,  The  field  of  the  60-cycle  motor  is  now  taken  off 
and  the  25-cycle  pointer  will  begin  to  revolve  in  the  slow  direction. 
When  it  has  passed  synchronous  position  once  and  reached  the 
point  0,  the  60-cycle  field  is  again  closed,  which  locks  the  motor 
in  synchronism.     The  25-cycle  pointer  will  now  stand  at  X, 

The  60-cycle  machine  is  thrown  from  starting  to  running  volt- 
age taps  and  the  25-cycle  machine  switch  is  closed.  If  all  condi- 
tions were  the  same  ,but  the  load  were  being  transferred  from  the 
25-cycle  bus,  the  indicator  pointer  would  be  set  at  X\,  but  all  the 
operations  would  be  the  same,  assuming  the  60-cycle  machine 
was  the  one  equipped  with  the  starting  device.  If  the  25-cycle 
machine  was  equipped  with  the  starting  device,  the  operation 
would  be  the  same  as  before,  assuming  that  the  load  transferred 
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from  25-cycle  to  60-cyde  bus,  26-cycle  inserted  for  60-cycle 
and  vice  versa.  The  synchronism  indicator  shown  in  Fig.  11 
would  then  be  used,  showing  indications  on  the  60-cycle  synchro- 
scope of  the  number  of  times  the  60-cycle  needle  must  pass 
synchronous  indication  before  the  proper  time  for  synchronizing. 
Fig.  11  is  obtained  from  Fig.  9  by  multiplying  by  12/5  and  drop- 
ping the  remainder,  or  from  Fig.  7  and  Table  II. 

All  instances  in  the  above  cases  have  depended  on  the  assump- 
tion that  there  was  the  same  percentage  inductive  drop  in  the 
armatures  of  both  sets. 

A  difference  in  size  can  be  accounted  for  on  the  indicator  as 
follows.  If  the  running  machine  is  one  half  size,  take  twice  the 
load  it  is  carrying  on  the  indicator,  assuming  that  the  indicator 
is  calculated,  for  the  largest  machine,  or  the  load  indications  may 
be  left  off  the  indicator  and  a  table  made  showing  the  lag  for 
each  machine  in  terms  of  the  10  degrees  spacing,  (see  Tables  III 
and  IV).  These  tables  show  No.  1  small.  No.  2  next,  and  No. 
3  the  largest  machine.  The  values  were  arbitrarily  set  down 
and  do  not  indicate  actual  values. 

TABLB  III 
26~ 


Load 

Machine 

Machine 

Machine 

kw. 

No.  1 

No.  3 

No.  3 

fiOO 

0.8 

0.4 

0.3 

1.000 

1.6 

0.8 

0.4 

l.fiOO 

3.8 

1.1 

0.6 

2.000 

3.0 

1.5 

0.8 

TABLB  IV 
60~ 


Load 

Machine 

Machine 

Machine 

kw. 

No.  1 

No.  3 

No.  3 

fiOO 

1.0 

0.0 

0.6 

1.000 

8.8 

1.0 

0.0 

1.600 

6.6 

3.7 

1.4 

3.000 

6.0 

3.5 

1.0 

Effect  of  Different  Percentages  of  Armature  Induct- 
ance ON  Parallel  Operation  of  Frequency  Changers 
If  the  machines  have  different  percentages  of  inductive  drop, 

then  when  all  are  in  parallel,  they  will  not  share  the  load  equally. 

This  may  be  overcome  by  arranging  one  of  the  armatures  of  each 
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set  so  that  it  may  be  revolved,  and  by  shifting  the  various  ar- 
matures it  is  possible  to  make  the  machines  share  the  loads 
equally  at  some  one  point,  but  in  this  event  the  machines  will 
not  share  the  load  satisfactorily  if  load  is  transferred  in  the 
reverse  direction.  For  example,  consider  the  inductance  of  one 
machine  such  that  the  generator  and  motor  voltages  have  a  time 
lag  of  10  mechanical  degrees  at  full  load  over  the  no  load  value, 
the  other  machine  15  mechanical  degrees.  If  these  machines 
are  in  parallel,  the  lag  angle  must  be  the  same  in  both,  and  if  we 
consider  the  angle  proportional  to  the  load.  No.  2  machine  will 
only  carry  66  per  cent  of  ftdl  load  when  No.  1  is  fully  loaded.  To 
enable  the  machines  to  divide  the  load  evenly  it  would  be  neces- 
sary to  shift  No.  2  motor  armature  ahead,  or  No.  2  generator 
armature  back,  considering  direction  of  field  rotation  as  forward 
movement.  If  the  direction  of  power  transfer  was  now  inter- 
changed the  machines  woixld  not  share  the  loads  as  well  as  before 
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Fig.  12 


the  armatures  were  moved.     Fig.  12,  while  not  mathematically 
correct,  shows  clearly  why  this  is  so. 

In  this  figure,  a  and  b  are  the  mid-points  of  the  armature 
windings  of  the  machine  with  a  10-degree  lag  angle  represented 
by  i  in.,  and  Ui  and  bi  are  the  mid-points  of  the  armature  of 
the  machine  with  a  15-degree  lag  angle  represented  by  |  in. 
Suppose  power  is  transferred  from  25-cycle  to  60-cycle  bus.  The 
lag  in  the  25-cycle  armature  is  i  in.  (this  is  the  mid-point  of  the 
poles).  The  lag  in  the  generator  armature  is  J  in.,  thus  making 
the  amount  the  60-cycle  voltage  lags  i  in.  In  machine  No.  2, 
the  armature  is  moved  ahead  J  in.  and  the  lag  of  the  motor 
armature  is  |  in.  (this  is  the  mid-pole  position).  The  generator 
armature  lag  is  f  in.  making  a  total  of  ^  in.,  and  since  these 
two  angles  are  the  same,  the  machines  will  each  take  their  share 
of  the  load.  If  the  direction  of  power  transfer  is  reversed,  No. 
1  machine  still  shows  a  lag  of  ^  in.  but  No.  2  is  }  in.  on  the 
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motor  end,  |  in.  on  the  generator  end  plus  J  in.  that  the  arma- 
ttire  has  been  moved,  making  1  in.  or  twice  the  lag  of  No.  1 
machine,  in  consequence  No.  1  will  carry  140  per  cent  load  and  No. 
2  will  carry  60  per  cent  load,  assuming  machines  to  be  of  equal 
capacity  and  the  total  load  equal  to  the  combined  capacity  of 
both  machines. 


X  = 

No.  1  machine  load 

F  = 

No.  2 

a              « 

Xh    _ 

lod 

100 

^\ 

X+  F  =  200 

1  (200  -  Y)  ^  \y    ,     I         100     ^    f  F  +  25 

2  100  100  ■•■    4  ^     100  100 


100  -  -^  =.  I  K  +  25 


76  =  4  y 
4 


F  =  I  X  75  =  60 
o 

X  =  200  -  60  =  140 

This  shows  that  great  care  must  be  taken  in  writing  the  specifi- 
cations for  purchasing  frequency  changers,  that  are  to  transfer 
load  alternately  from  one  frequency  to  another,  and  still  greater 
care  in  designing  them.  For  while  it  is  possible  to  arrange  the 
set  so  that  the  load  will  be  properly  divided  at  some  specific 
point  when  transferring  load  in  a  given  direction,  no  matter  if 
the  per  cent  inductance  varies  considerably,  the  sets  will  not 
operate  satisfactorily  when  the  direction  of  load  transfer  is 
reversed.  This  statement  of  course,  applies  only  to  the  case 
where  two  sets  are  operating  in  parallel  in  the  same  station,  as 
where  two  systems  are  tied  together  by  two  frequency  changer 
sets  located  in  different  stations,  the  line  inductance  determines 
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to  a  great  extent  the  proper  division  of  the  load.  With  only 
one  set  connecting  two  systems,  however,  the  phase  angle  of  the 
frequency  changer  set  has  nothing  to  do  with  the  amount  of  load 
it  carries.  The  amount  of  load  being  determined  in  this  case 
by  the  governor  settings  of  the  prime  movers  of  the  respective 
systems. 

Formulas  for   Phase   Angle   Variations   op    Frequency 
Changer  Units 
CO  L  /  =  Inductive  voltage  drop  in  motor  armature,atload/ 
r  /  =  Resistance     «         «       «      «  «  a     a     a 

I  =  Load  current  of  motor. 
E  =  Bus  voltage,  motor. 
0  =  Power  factor  angle,  motor. 
a  =  Lag  angle,  motor. 
/  =  Motor  frequency. 
/'  «  Generator    " 
a'  =  Lag  angle,  generator. 
0'  =  Power  factor  angle,  generator. 
.  £'  =  Bus  voltage,  generator. 

/'  =  Load  current,       " 
r'  /'  =  Resistance  voltage  drop  in  generator  armature  at 
load  /'. 
0)'  L'  r  =  Inductive  voltage  drop  in  generator  armature  at 
load  /'. 


L  = 


L'  = 


R'  = 


(j}LI 
E 

rl 
E 

E' 

r'  r 


^a'\l\' 


Fig.  13 


Pig.  14 


cos  a  = 


at  =  the  total  phase  angle  of  generator. 
£  -  F 


V(£  -  y)«  +  jv* 
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F  =  r  /  cos  e  +  (0  L  /  sin  5 
X  =  (>)  L  I  cos  0  —  r  Isind 

o>LI       J 
— g L 

Substituting, 
cos  a  — 


1  -  i?  cos  ^  -  L  sin  5 


cos  a   = 


Vl  -  2  (J?  cos  9  +  L  sin  ^)  +  22*  +  L« 
E'  +  Y' 


V(£'  +  F')*  +  X"- 
Y'  =  r'  /'  cos  B'  +  «'  L'  /'  sin  «' 
X'  =  «'  L'  cos  «'  -  r'  /'  sin  ^' 


£' 
r'/' 


R' 


E' 
Substituting, 


1  +  U'  cos  «'  +  L'  sin  B' 


Vl  +  2  (/?'  cos  B'  +  L*  sin  «')  +  R'*  +  L'» 

/' 
at  =  a  ^^  +  a' 


/v 

- 

COS" 

-1 

1-RcosB-LsiaB 

Vl- 

■  2  (i?cose  +  L  sin^)  +  iP  +  L» 

a' 

= 

cos- 

-1 

1  +  ie'  COS  «'  +  L'  sin  B' 

V  1  +  2  (/?'  COS  B'  +  L'  sin  $')  +  R'*  +  L'» 

tti 

= 

-  COS"' 

1  -  RcosB  -LsinB 

Vl  -  2(  2?  cos  ^  +  L  sin  B)  +  R^ 

+  L* 

+ 

COS" 

•1 

1  +  R'  cos  B'  +  L'  sin  B' 

-r.   (1) 
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It  is  usual  to  operate  frequency  changer  sets  at  unity  power 
factor.     Therefore 

cos  0  =  cos  5'  =  1 

Ofx  =  -^V-  COS^ 


/              Vl-2i?  +  iP  +  L* 
_^         . 1  +  R' 

"T"  COS        ====:^===i==r==r 

Vl  +  2  Je'  +  R'*  +  L'* 


(2) 


The  resistance  drop  at  unity  power  factor  has  its  greatest  effect 
in  varying  the  voltage  but  only  a  small  effect  in  varying  the 
lag  angle,  let  us  therefore  assume  that  the  resistance  is  zero. 

R  =  R'  =  Q 

/'I  1 

a-t  =  -=^  cos""*    ,  +  COS"-*    J  C3) 

/  Vl  +  L»  Vl  +  L'« 

Assuming  that  the  angles   are   small,    we 
can  see  from  Fig.   15  that  they  are  propor-  \rT*2- 

tional  to  L  and  U  which  are  proportional  to 
the  loads  as  we  assumed  in  the  beginning  of  pj^  ^5 

this  article. 

.  • .  ttx  oc  load 

Method  of  Obtaining  Load  Readings 
It  is  possible,  if  the  constants  of  the  machines  are  known,  to 
obtain  the  markings  on  the  synchronizing  indicators  by  calculat- 
ing from  formula  (1)  or  fairly  accurate  results  may  be  obtained 
from  (2)  or  (3),  but  the  best  and  most  practical  way  is  to  run 
one  machine  loaded  and  another  one  with  only  the  motor  con- 
nected. The  generator  synchroscope  is  then  put  on  and  the 
indications  of  the  pointer  are  noted  for  various  loads  on  the  run- 
ning machine.  These  readings  may  be  plotted  on  the  indicator 
or  in  a  table  as  shown  earlier  in  this  paper.  There  are  many 
more  interesting  points  in  the  operation  of  frequency  changers, 
but  the  object  of  this  article  was  to  deal  only  with  the  synchroniz- 
ing of  these  machines. 
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Discussion  on  "Automatic  Substations"  (Summerhayes), 
"Converting  Substations  in  Basements  and  Sub- 
basements  '*  (Jamieson)  and  **  Operation  of  Frequency 
Changers  "  (Funk),  Cooperstown,  New  York,  June  26, 
1913. 

D.  B.  Rushmore:  I  will  bring  up  certain  points  of  unusual 
interest  in  the  situation  brought  forward  in  Mr.  Summerhayes's 
paper  on  automatic  substations,  because  of  the  possible  large 
development  along  this  line.  There  is  such  a  large  field  of  appli- 
cation of  electric  energy,  and  such  a  large  field  of  undeveloped 
sources  of  power  now  awaiting  the  man  who  can  reducd  the  cost 
of  operation,  either  of  application  or  development,  that  it  is  an 
interesting  subject  to  consider. 

In  a  great  many  places  there  are  operating  conditions  in  which 
an  automatic  substation  would  allow  electricity  to  be  used  where 
otherwise  it  wotdd  be  uneconomical,  and  in  the  big  field  of 
agricultural  operations,  it  woixld  appear  that  there  might  be 
considerable  use  of  such  installations.  There  is  already  in 
existence  a  small  substation  in  which  the  machinery  is  supposed 
to  run  indefinitely.  Mr.  Moody  has  put  a  continuous-running 
substation  on  a  pole,  without  any  attendance,  and  put  a  revolv- 
ing machine  there  which  is  supposed  to  run  indefinitely,  almost 
without  inspection.  In  mining  work,  especially,  and  in  work 
subject  to  labor  disturbances,  the  advantages  of  automatic 
substations  are  very  evident,  and  it  is  very  interesting  to  look 
forward  and  see  the  possible  growth  of  this  work. 

F.  D.  Newbury:  Mr.  Summerhayes's  paper  is  an  interesting 
solution  of  a  very  difficult  problem.  I  would  like  to  hear,  though, 
from  some  of  the  operating  men,  as  to  their  feeling  in  connection 
with  the  operation  of  fairly  large  machines  without  superin- 
tendence at  all  times.  There  has  been,  of  course,  a  large  amoimt 
of  remote-control  machinery  installed,  but  it  has  been,  in  general, 
in  relatively  small  capacities  and  of  course,  in  practically  all 
cases  the  machinery  has  been  of  the  non-commutating  type. 
Remote  control  is  certainly  in  the  direction  of  economy,  and  it 
will  undoubtedly  continue  to  develop.  It  is,  moreover,  directly 
in  line  with  the  extensive  use  of  outdoor  transformer  and  oil 
switch  substations,  which  two  or  three  years  ago  were  looked 
upon  with  a  good  deal  of  skepticism,  if  not  disfavor. 

There  are  two  minor  points  in  the  paper  I  would  like  to  refer 
to.  The  possibilities  of  the  converter  coming  up  with  the  wrong 
polarity  is  nicely  taken  care  of  in  this  case  by  separately  exciting 
the  converter.  Separate  excitation,  however,  will  not  be  gen- 
erally available.  This  is  particularly  true  of  railway  substations 
that  do  not  have  a  storage  battery  or  other  direct-current  source 
of  supply. 

The  two-thirds  voltage  switch  also  is  mefitioned,  but  I  do  not 
believe  that  that  additional  application  is  necessary — certainly 
not   in  the  500-kv-a.  converter — and  the  switching  could  be 
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considerably  simplified  by  using  only  one  starting  voltage  in- 
stead of  the  two. 

In  Mr.  Jamieson's  paper,  I  wish  to  emphasize  from  the 
designer's  standpoint  the  necessity  for  an  adequate  supply  of  cool, 
clean  air.  As  Mr.  Jamieson  well  points  out,  it  is  difficult  to 
obtain,  but  it  is  absolutely  necessary  to  the  life  of  the  machines 
if  they  are  to  be  operated  at  a  rate  that  is  at  all  economical. 
With  substation  air  temperatures  of  40  deg.  or  45  deg.  very 
little  is  left  between  that  and  a  permissible  90  deg.  for  temper- 
ature rise  in  the  apparatus. 

In  connection  with  the  cleaning  of  the  air,  Mr.  Jamieson  men- 
tions an  ingenious  vacuum  air  filter.  Several  air  washing  out- 
fits have  been  developed  and  have  been  used  to  a  limited  extent 
in  this  country  and  quite  extensively  abroad.  That,  I  should 
think,  would  be  particularly  adapted  to  the  restricted  space 
of  substations  in  basements,  and  I  would  like  to  know  if  it  has 
been  applied  to  that  work. 

In  connection  with  Mr.  Funk's  paper,  while  it  is  somewhat 
outside  the  range  of  his  paper,  I  woiild  ask  if  he  has  had  any 
experience  with  the  use  of  pumps  in  order  to  introduce  oil  pressure 
under  the  bearings  before  starting,  in  order  to  facilitate  starting. 
That  has  been  considered,  and  I  know  such  a  system  has  been 
installed.  If  he  has  had  any  experience  with  such  an  outfit  I 
would  be  glad  to  know  the  results. 

F.  C.  Caldwell:  In  coimection  with  the  paper  on  automatic 
substations,  I  would  call  attention  to  the  fact  that  an  automatic 
resetting  circuit-breaker  is  now  being  developed  and  will  shortly 
be  on  the  market.  This  breaker,  of  course,  opens  when  there  is 
an  overload  and  then  will  not  dose  again  until  the  overload  goes 
off  of  the  direct-ciurent  circuit.  As  soon  as  this  happens  the 
breaker  closes  and  is  again  ready  for  operation. 

Paul  M.  Lincoln:  I  am  reminded  by  Mr.  Sunmierhayes' 
paper  of  the  old  saying  that  the  proof  of  the  pudding  is  in  the 
eating,  and  not  in  the  chewing  of  the  strings  of  the  pudding-bag. 
I  consider  that  our  getting  up  here  and  talking  about  this  matter 
of  distant  operating  substations  is  considerably  in  the  natiu^e  of 
the  chewing  of  the  strings  of  the  pudding-bag.  The  crux  of 
the  matter  Ues  in  how  it  operates,  and  whether  it  gives  satis- 
faction to  the  operators,  and  whether  it  is  cheap.  We  are  told  by 
Mr.  Summerhayes  it  has  been  in  operation  for  some  time  and 
gives  promise  of  being  a  solution  of  the  problem  of  substations 
operated  without  attendance.  I  trust  so,  and  I  believe  that 
Mr.  Summerhayes  is  to  be  congratulated  on  working  out  the 
details  of  the  automatic  substations  so  completely. 

H.  M.  Hobart:  As  to  Mr.  Newbury's  suggestion  about 
washing  the  air,  it  may  be  interesting  to  mention  that  the  London 
Electric  Supply  Station  at  Deptford  has  several  large  turbo- 
generators, of  5000  kw.  each,  which  supply  the  London,  Brighton 
&  South  Coast  Railway  with  power,  and  the  air  is  being  washed 
by  being  passed  through  sprays  of  water.     This  is  the  largest 
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installation  of  this  character,  I  believe.  Water  filters  are  also 
used  for  washing  the  air  supplied  to  the  turbo-generators  of  the 
Brighton  Electricity  Supply  Corporation.  The  system  performs 
the  additional  function  of  cooling  the  air,  as  weH  as  washing  it. 
If  the  air  is  cleaned  by  filtering  it  through  cloth  screens  the 
screens  gradually  become  clogged  up,  and  the  machines  will  get 
very  hot,  until  the  screens  are  cleaned,  whereas  by  passing  the 
air  through  water  sprays  nothing  can  get  out  of  order. 

Henry  W.  Peck:  Mr.  Summerhayes's paper  was  very  interest- 
ing to  me,  as  I  have  had  some  pperating  experiences  along  the 
lines  dealt  with  in  the  paper. 

Regarding  Mr.  Newbury's  suggestion,  I  would  have  little 
hesitation  in  applying  such  a  system  in  certain  cases.  In  the 
stations  the  trouble  comes  so  quickly  that  even  if  you  have  an 
operator  you  are  relying  on  the  automatic  regulation  to  protect 
the  station  and  the  system.  If  the  automatic  equipment  does 
not  work,  your  main  station,  or  the  equipment  of  it,  is  apt  to  be 
seriously  damaged  even  if  you  have  attendants  there. 

I  would  like  very  much  to  have  Mr.  Summerhayes  work  out 
this  idea  along  the  line  of  our  discussion  yesterday  regarding 
synchronous  condensers.  It  might  be  somewhat  more  difficult 
than  the  station  which  he  describes  in  his  paper,  but  I  am  not 
sure  that  it  would  be.  You  would  then  obviate  the  difficulty 
suggested  yesterday  of  having  inefficient  operators  with  whom 
to  trust  the  operation  of  the  synchronous  condensers.  Thinking 
it  over  very  briefly,  I  can  see  no  difficulty  in  arranging  automatic 
devices  to  get  the  desired  effect  of  field  strengthening  or  weaken- 
ing to  vary  with  the  conditions.  It  seems  to  be  no  more  difficult 
than  some  things  which  our  designing  engineers  have  accom- 
plished. The  economy  of  such  an  automatic  station  is  especially 
great  in  view  of  the  feeling  on  the  part  of  operating  men  that 
more  than  one  man  must  be  present  in  any  building  which  con- 
tains high-tension  or  even  moderate  tension  electrical  apparatus. 
The  presence  of  two  men  in  the  station  is  required  in  some 
states  by  law,  or  city  ordinance.  Many  companies  feel  it  is 
not  safe,  even  though  there  is  no  law  requiring  it,-to  have  less 
than  two  in  the  station.  This  means  that  even  in  a  small  sta- 
tion, where  there  is  not  enough  to  keep  one  man  busy  one-quarter 
of  his  time,  we  must  have  two  men  present  at  aU  times.  The 
economy,  therefore,  of  a  station  without  attendants  is  exceed- 
ingly great. 

S.  D.  Sprong  (by  letter):  This  paper  presents  a  rather  novel 
adaptation  of  standard  apparatus  as  a  commercial  expedient. 
The  plans  as  shown  reveal  a  very  careful  working  out  of  the 
elements  of  the  problem  and  an  excellent  judgment  in  the  selec- 
tion of  the  automatic  devices  to  meet  the  unusual  condition  of 
absence  of  manual  operation  and  immediate  supervision. 

It  is,  however,  this  very  complete  provision  for  remote  control 
and  automatic  means  to  prevent  damage  to  the  apparatus  that 
emphasizes  the  point  which  the  author  seems  to  consider^!         ^ 
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paramount  importance.  I  refer  to  the  fact  that  there  is  appar- 
ently no  special  thought  or  provision  to  safeguard  the  service  eveji 
though  at  th^  possible  expense  of  the  equipment.  Continuity 
of  service,  especially  in  an  underground  district  of  this  character, 
should  have  first  consideration  under  all  conditions  and  it  is  a 
frequently  emphasized  rule  among  most  light  and  power  compan- 
ies to  maintain  service  even  when  it  may  probably  result  in 
damage  to  apparatus  or  equipment.  The  author  appears  to 
take  quite  the  contrary  view  in  that  all  the  automatic  and  other 
provisions  for  meeting  emergencies  are  designed  to  safeguard  the 
apparatus,  which  exaggerates  much  beyond  its  true  relative 
value  the  safety  of  the  equipment  as  compared  with  the  main- 
tenance of  service.  I  believe  that  any  section  of  the  city  that 
wotdd  justify  the  installation  of  an  underground  d-c.  system, 
is  of  such  importance  as  to  justify  the  relatively  small  additional 
expense  of  substation  operators,  the  wages  of  which  when  capital- 
ized wotdd  secure  more  of  the  elements  that  go  to  the  main- 
tenance of  satisfactory  service  and  the  meeting  of  emergency 
conditions  than  any  elaboration  or  duplication  of  automatic  safety 
devices  and  methods  of  remote  control. 

I  would  suggest  as  an  alternative,  the  employment  of  a  sub- 
station operator  covering  a  ten-hour  period  from  4  p.m.  to 
12  midnight,  which  would  cover  the  heavy  load  period,  and  during 
the  remaining  fourteen  hours  and  Sundays  the  lighter  load  could 
be  carried  by  trunk  feeders  from  one  of  the  regular  substations 
and  controlled  by  pressure  wires.  Assimiing  the  low  load 
factor  of  25  per  cent  this  would  give  about  1,000,000  kw-hr.  out- 
put per  year.  With  a  labor  cost  for  the  single  operator  of  about 
$800  it  would  show  about  eight  hundreths  of  a  cent  per  kw-hr. 
additional  cost  on  the  whole  consumption  in  this  district.  As 
the  character  of  the  load  in  this  district  is  almost  entirely  retail 
and  therefore  at  the  maximum  rate,  an  additional  output  cost 
of  eight  tenths  of  a  cent  would  be  more  than  offset  by  the  numer- 
ous advantages  to  be  obtained  in  such  a  district  by  having  an 
operator  in  charge  during  important  hours  of  the  load. 

H.  R.  Summerhayes:  Mr.  Newbury  referred  to  the  possi- 
bility of  operating  large  machines  without  attendance.  I  think 
that  large  machines  are  possibly  more  reliable  than  small  ones. 
It  is  only  on  account  of  the  larger  investment  involved  that 
people  would  hesitate  to  extend  this  principle  to  very  large 
machines.  WTiere  the  investment  is  so  large  that  you  can  afford 
to  have  an  operator  on  account  of  certain  hazards,  such  as  the 
fire  hazard,  for  instance,  the  advantage  of  this  form  of  automatic 
operation  is  not  so  great  as  in  cases  where  the  attendant  is  not 
required  on  account  of  the  fire  risk.  So  far  as  the  operation  of 
a  machine  is  concerned,  I  should  think  the  larger  machine  is 
ftdly  as  reliable  as  the  smaller  one. 

In  reference  to  the  matter  of  polarity,  also  brought  up  by  Mr. 
Newbiuy,  Mr.  J.  B.  Taylor  devised  several  years  ago  a  polarized 
relay  to  be  connected  across  the  commutator,  across  the  brushes, 
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and  as  the  machine  goes  up  to  synchronism,  that  relay  would  be 
getting  alternating  current.  As  it  came  very  near  synchronism, 
it  wotdd  be  polarized  current,  and  the  relay  would  be  prevented 
by  a  dashpot,  from  going  to  its  full  travel.  It  wotdd  not  operate 
finally,  until  S5mchronism  had  been  obtained,  when  direct  current 
would  be  supplied  to  it,  and  then  it  would  operate  in  a  direction 
determined  by  the  polarization  of  the  relay. 

J.  C.  Lincoln:  Suppose  it  happens  to  get  in  synchronism,  so 
the  relay  was  kept  out,  what  is  there  to  make  the  relay  slip 
forward? 

H.  R.  Summerhayes:  It  will  be  arranged  to  reverse  the  con- 
nections so  that  it  is  connected  to  the  bus  in  the  right  direction. 

Mr.  Newbury  brought  up  the  point  of  the  two-thirds  voltage 
switch.  When  we  first  laid  out  this  remote  power  plant,  we 
started  on  one  voltage,  and  threw  on  all  the  voltage,  but  it  was 
thought  desirable  to  put  in  an  extra  switch,  because  we  were  not 
sure  at  first  exactly  what  field  strength  would  have  to  be  used, 
and  as  a  matter  of  fact,  we  can  go  through  from  one-third  voltage 
to  full  voltage  without  creating  any  disturbance,  but  in  order  to 
do  so  we  must  first  make  the  full  field,  which  can  be  done,  but 
the  field  on  this  machine  is  so  strong  that  there  is  somewhat  more 
disturbance  in  throwing  over  with  a  strong  field  than  by  the 
method  used. 

Mr.  Peck  referred  to  the  operation  of  synchronous  condensers 
automatically, that  is, automatically  restarted,  I  suppose.  I  think 
a  synchronous  condenser  can  be  arranged  so  as  to  be  operated  by 
an  automatic  voltage  regtdator,  and  operated  practically  without 
attention.  Either  that,  or  a  synchronous  motor  can  be  arranged 
so  that  if  the  power  goes  off  the  transmission  line,  and  then  comes 
back  again,  the  motor  can  be  restarted.  I  know  of  a  case  now 
where  it  is  planned  to  put  in  a  restarter  for  a  S5mchronous  motor. 
In  this  case  a  town  is  lighted  by  a  frequency  changer,  a  60-cycle 
line,  the  synchronous  motor  driving  this  set  being  supplied  from 
a  25-cycle  transmission  line.  The  apparatus  is  modem  and  the 
operator  does  not  spend  much  time  in  the  station,  but  is  able  to 
give  a  large  part  of  his  time  to  other  duties.  Everything  operates 
all  right  except  when  the  power  goes  off  the  line,  and  then  the 
frequency  changer  shuts  down  and  the  operator  must  go  back 
and  start  up.  I  proposed  an  equipment  for  that  station  so 
arranged  that  when  the  motor  falls  out  of  step  it  will  be  thrown  on 
the  starting  taps,  so  that  when  the  power  comes  back  it  will  be 
automatically  restarted,  and  the  proper  arrangements  for  field 
and  load  will  be  taken  care  of  automatically. 

Mr.  Lincoln  asked  if  the  operation  is  satisfactory.  I  do  not 
know  whether  there  are  any  of  the  Detroit  Edison  people  here, 
but  Mr.  Cato  intended  to  be  here.  I  recently  talked  with  Mr. 
Cato  and  he  said  he  has  not  heard  from  the  station  for  a  long 
time,  that  they  send  a  man  there  once  a  day  to  inspect  it,  and 
he  has  not  heard  any  complaint  regarding  the  station,  and  that 
it  operates  satisfactorily. 
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As  to  the  heating  of  the  building,  this  substation  in  Detroit 
is  not  heated^  and  that  expense  is  saved  as  well  as  the  expense 
of  the  operator. 

D.  W.  Roper:  The  only  question  raised,  I  believe,  was  as  to 
the  cleaning  of  the  air  supply,  suggesting  that  this  be  done  by 
washing  rather  than  by  screening.  In  the  substations 
covered  by  Mr.  Jamieson's  paper,  the  limitation,  I  believe,  has 
been  generally  found  to  be  one  of  space,  for  the  washing  scheme 
requires  more  space  than  the  air  screening  system.  The  wash- 
ing system  has  been  tried  in  one  or  two  of  the  smaller  instal- 
lations, and  the  reason  for  its  lack  of  success  was  because  there 
was  not  sufficient  space  for  a  proper  installation.  However, 
if  a  screen  device  with  a  vacuutn  cleaner  can  be  worked  out,  it 
would  appear  to  be  simple  and  require  less  attention  than  the 
washing  scheme. 

N.  E.  Funk:  Concerning  the  oil  pressure  supply  to  the  bear- 
ings to  make  the  machine  start  easily,  in  the  case  of  the  two 
machines  I  have  in  mind,  one  3000  kw.  and  one  6000  kw.,  it  was 
not  necessary  to  use  oil  pressure  in  the  bearings  of  the  small 
machine,  as  it  started  easily.  It  was  impossible  to  start  the  6000- 
kw.  machine  with  a  600-h.p.  motor  consuming  about  1200  kv-a. 
unless  an  oil  pressure  of  150  lb.  per  sq.  in.  was  applied  for  about 
3  min.,and  then  it  started  very  slowly.  If  oil  pressure  was 
applied  for  about  5  min.  a  crack  was  heard  in  the  bearings  in- 
dicating that  the  shaft  had  lifted  from  the  bottom  of  the  bearing, 
and  the  machine  started  easily. 
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THE  ELECTRIC  STRENGTH  OF  AIR— IV 


BY   J.    B.    WHITEHEAD   AND   T.    T.    FITCH  J 


I.  Introduction 

This  paper  describes  the  results  of  a  series  of  investigations 
on  the  effects  of  pressure,  temperature  and  density  of  gas  upon 
the  formation  of  the  corona  in  air.  It  is  largely  an  extension 
of  work  described  in  the  second  of  this  series  of  papers. 

The  study  of  the  influence  of  temperature  and  pressure  on 
corona-forming  voltage  was  begun  by  Ryan  in  1904.  The  in- 
fluence of  pressure  in  its  relation  to  the  size  of  conductor  was 
shown  in  the  second  of  this  series  of  papers.  The  influence  of 
temperature  and  pressure  has  been  investigated  also  by  Peek 
who  has  given  an  interesting  empirical  formula  connecting 
critical  corona  intensity  in  air  with  pressure,  temperature  and 
size  of  conductor.  The  influence  of  pressure  on  critical  corona 
intensity  has  been  studied  by  Watson  for  the  case  of  continuous 
voltage.  The  purpose  of  the  present  work  has  been  the  extension 
of  the  earlier  investigations  both  as  to  range  of  pressure  and  size 
of  conductor  and  also  to  obtain  further  information  on  the  in- 
fluence of  temperature.  Some  observations  were  also  made  with 
carbon  dioxide  as  the  gas  surrounding  the  conductor  instead  of 
air  to  see  what  part,  if  any,  is  played  by  the  density  of  the  gas. 

The  larger  part  of  the  work  is  the  study  of  variation  of  critical 
or  corona-forming  intensity  with  pressure.  For  this  work  con- 
ductors varying  from  0.438  to  0.950  cm.  in  diameter  were  used, 
and  the  pressure  was  varied  from  5  to  110  cm.  of  mercury. 

II.  Review  of  Earlier  Work  on  Pressure  and 
Temperature 
A  brief  review  of  earUer  invest^'gations  on  the  variations  of 
critical  intensity  with  pressure  and  temperature  will  not  be 
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out  of  place.  Some  other  points,  also,  have  such  an  intimate 
relation  to  these  variations  or  at  least  to  a  study  of  them  that 
they  will  be  mentioned. 

It  was  shown  by  Ryan^  that  for  the  one  size  of  conductor  which 
he  used,  the  critical  intensity  is  a  linear  function  of  the  pressure 
from  40  to  90  cm.  of  mercury.  A  similar  relation  was  shown  to 
hold  for  variations  with  temperature  between  21  and  93  deg. 
cent. 

Watson  published  a  set  of  experiments*  in  1909  showing  a 
linear  relation  between  pressure  and  critical  intensity  for  the 
case  of  continuous  voltage.  His  range  of  pressure  was  from  36  to 
76  cm.  of  mercury  and  of  size  of  conductor  from  0.07  to  0.95 
cm.    He  also  gave  curves  showing  the  amount  of  current  passing. 

In  the  earlier  papers  of  this  series  numerous  curves  were  given 
showing  a  linear  relation  between  critical  intensity  and  pressure 
from  38  to  100  cm.  The  conductors  used  ranged  in  diameter 
from  0.122  to  0.475  cm.  Some  experiments  were  also  made 
showing  a  linear  relation  between  critical  intensity  and  temper- 
ature. Only  one  size  of  conductor  was  used.  The  range  of 
temperature  was  from  8  to  41  deg.  cent. 

It  has  further  been  shown  in  these  papers  that: 

The  critical  intensity  is  independent  of  free  ionization,  moisture 
content  and'velocity  of  the  air. 

The  visual  critical  intensity  is  identical  with  that  determined 
by  an  electroscope. 

The  critical  intensity  g  for  clean  rotmd  conductors  for  a  pres- 
sure of  76  cm.  and  temperature  of  20  degrees  may  be  expressed 
by  the  formula: 

«  =  ^  +  ^ 

V^  (1) 

where  A  and  B  are  constants  and  D  is  the  diameter  of  the 
conductor.     This  formula  is  discussed  in  a  later  paragraph. 

Peek*  has  given  the  results  of  a  set  of  experiments  on  the 
variation  of  critical  intensity  with  temperature. showing  practic- 
ally a  linear  law  between  —20  and  +140  deg.  cent.  He  has 
also  given  a  general  formula  covering  the  variations  of  critical 

1.  Ryan:  Conductivity  of  the  Atmosphere  at  High  Voltages,  Trans. 
A.  I.  E.  E.,  Vol.  XXIII,  1904. 

2.  Electrician,  Vol.  LXIII,  1909. 

3.  Peek:    The  Law  of  Corona,  Trans.  A.  I.  E.  E..  Vol.  XXXI,  1912. 
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intensity  with  change  of  temperature  and  pressure  for  a  tube 
and  concentric  conductor  as  follows: 


where  g  is  the  critical  intensity  in  kilovolts  per  cm.,  r  is  the  radius 
of  conductor  and 

^  ^     3.92 /> 
273  +  / 

p  being  the  pressure  in  cm.  of  mercury  and  /  the  temperature 
centigrade.  So  far  as  we  can  find,  the  only  statements  he  has 
given  concerning  the  influence  of  pressure  on  the  variation  of 
critical  intensity  are  a  curve*  giving  observations  on  a2.54-cm. 
conductor  for  pressures  from  2  to  65  cm.  and  a  table  of  values 
of  S  and  corresponding  values  of  g  in  closing  the  discussion  of  his 
1912  paper.*    No  description  of  his  methods  was  given. 

III.  Present  Work 

The  observations  which  are  recorded  in  this  paper  were  made 
in  the  spring  of  1912.  They  aim  to  supply,  in  part,  the  lack  of 
suflSciently  extensive  data  on  variation  of  critical  corona  inten- 
sity with  pressiu"e  and  size  of  conductor. 

Apparatus  and  Equipment.  For  the  pressure  measurements  a 
20-cm.  iron  tube  about  90  cm.  in  length  was  used.  The.  ends 
were  fitted  with  insulating  caps  about  18  cm.  long.  These 
caps  were  made  of  impregnated  fibre,  and  served  the  double 
purpose  of  insulation  and  sealing  for  the  variation  of  air  pressure 
both  above  and  below  that  of  the  atmosphere.  A  rotary  air 
pump  permitted  evacuation  of  the  tube  to  about  five  cm.  of 
mercury  in  five  minutes.  Most  changes  of  pressure  could  be 
made  in  a  minute  or  two,  but  owing  to  numerous  joints  necessary 
for  insulation  purposes  there  was  present  some  leakage,  which 
necessitated  a  longer  time  to  exhaust  to  the  lowest  pressure 
reached,  and  set  the  limit  of  about  five  cm.  as  the  minimum. 

A  small  glass  window  was  placed  in  the  tube  for  making 
visual  observations  of  the  corona,  but  during  most  of  the  work 
the  gold  leaf  electroscope  was  used  for  detecting  the  point  at 

4.   Peek:     "  Nature  of  Corona."  Gen.  Elec.  Review^  December,  1912. 
6.   Peek:    The  Law  of  Corona,  Trans.  A.  I.  B.  E..  Vol.  XXX,  1912. 
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which  corona  begins.    This  method  has  been  described  in  detail 

in  the  first  of  these  papers,  so  no  further  description  is  necessary 

here.    Fig.  1  shows  the  general  arrangement  of  the  apparatus. 

The   beginning   of    corona   is 

very  sharply  defined.  A  change 

of  one  per  cent  or  less  in  the 

voltage  will  cause  the  time  of 

complete  discharge  to  change 

from    about    a   half   hour   to 

five   seconds.     Any   difference 

between     the     beginning     of 

corona  as  observed  by  the  eye 

and  by  the  discharge  of  the 

electroscope  is  within  this  small 

error  of  observation. 

The  observations  on  the  in- 
fluence of  temperature  were 
made  with  a  similar  apparatus, 
except  that  the  tube  was  in 
this  case  surrounded  by  a 
water  jacket.  Hand  stirring 
of  the  water  was  found  to  be 
sufficient  to  keep  the  tempera- 
ture of  the  air  within  the  tube 
uniform  to  about  two  degrees. 
Only  the  smaller  sizes  of  con- 
ductor could  be  used  in  this 
apparatus  owing  to  spark-over 
troubles  occasioned  by  the 
reduced  size  of  outer  tube. 
The  heating  was  done  by  gas 
burners  and  ice  was  used  for 
getting  reduced  temperature. 

Source  of  Power,  The  power 
for  all  the  experiments  was 
drawn  from  a  10-kw.,  100,000- 
volt  transformer.  The  trans- 
former was  operated  by  a 
motor-generator  set  of  7.5  kw. 


Pig.  1 — Arrangement  of 
Apparatus 


capacity,  the  generator  field  being  excited  by  a  storage  battery, 
resulting  in  good  voltage  control.  All  experiments  were  made  at 
a  frequency  of  60  cycles.     The  transformer  is  provided  with  a 
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test  coil  giving*  120  volts  for  100,000  volts  on  the  high-tension 
terminals  as  conoiputed  from  the  ratio  of  primary  and  secondary 
turns.  This  test  coil  was  used  entirely  in  making  measurements 
of  the  voltage.  All  determinations  of  ratio  of  maximum  to  mean 
effective  voltage  were  also  obtained  from  this  coil. 

Ratio  of  Maximum  to  Mean  Effective  Voltage,  For  the  ptirpose 
of  checking  the  results  this  ratio  was  determined  by  two  methods. 
The  first  makes  use  of  the  oscillograph,  the  second  of  a  rotating 
contactor  and  the  principle  of  the  potentiometer. 

The  ratio  was  determined  from  the  oscillograms  by  reading  a 
ntmiber  of  ordinates,  usually  about  30  or  40  to  a  cycle.    From 

these  ordinates  taken  at  equal 
distances  the  ratio  of  maximum 
to  the  square  root  of  the  mean 
square  value  was  computed. 
The  principal  difficulty  with 
this  method  is  to  obtain  an 
oscillogram    with    lines    suffi- 


i|i|i|h 


Ton  CONTACT  MAKER 


A,  C.  VOLTMETER 


Fig.  2 — Method  of 
Ratio  op  Maximum 
Bffbctivb  Voltage 


Measuring 
to     Mean 


o.c.voLTMETER^^^^y^  cicntly  sharp  and  narrow. 

The  contactor  method  is  in- 
dicated in  Fig.  2,  the  contact 
wheel  being  placed  on  the 
generator  shaft.  In  the  actual 
apparatus  a  handle  was  pro- 
vided for  readily  shifting  the 
point  of  contact.  By  reference 
to  the  galvanometer  the  con- 
tact can  be  shifted  imtil  the 
closure  occurs  on  the  peak  of 
the  wave.  Then  the  slider 
on  the  rheostat  is  moved  until  the  galvanometer  indicates  25ero 
deflection.  The  readings  of  the  continuous  and  alternating 
voltmeters  are  then  taken.  The  ratio  of  their  readings  in  volts 
is  the  ratio  desired,  the  direct-current  voltmeter  indicating  the 
maximum  voltage  and  the  alternating-current  voltmeter  the 
mean  effective  value. 

The  chief  diffictdty  with  this  method  is  to  keep  the  source 
of  alternating  voltage  sufficiently  steady  dtiring  the  time  neces- 
sary fftr  an  observation.  A  damped  galvanometer  of  fairly 
high  sensibility  is  required.  Only  the  relative  calibration  of  the 
voltmeters  is  necessary  since  the  ratio  is  all  that  is  required. 
The  alternating  voltmeter  used  was  of  the  electrodynamometer 
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type  and  it  was  compared  with  the  direct-current  voltmeter  by 
taking  the  mean  of  readings  with  reversed  polarity. 

Table  I,  of  which  Fig.  3  is  a  plot,  gives  the  ratio  of  maximum 
to  mean  effective  voltage  for  the  various  voltages  on  the  test 
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Fig.  3 — Ratio  of   Maximum    to    Mean   Effective   Volts. 
Test  Coil  of  100,000- Volt  Teansformee 


From 


coil  of  the  transformer  used  in  the  experiments.  The  values 
taken  from  the  curve  were  used  in  making  reductions  of  readings 
on  critical  intensity. 

Fig.  4  is  a  reproduction  from  a  typical  oscillogram. 


TABLE  I 


Max. 

KAtiO   - 

Meaneff. 

Test  coil  volU 

Contactor 

Oscillograph 

Promconra 

4 

1.305 

1.400 

7 

1.420 

1.420 

M) 

1.450 

1.440 

16 

1.431 

1.440 

20 

1.450 

1.446 

25 

1.486 

1.445 

30 

1.420 

1.445 

35 

1.438 

1.445 

50 

1.444 

1.440 

1.440 

00 

1.421 

1.430 

1.440 

76 

1.452 

1.427 

1.440 
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Variation  of  Critical  Intensity  with  Gas  Pressure,  Fig.  5  shows 
the  observed  variation  of  critical  corona  voltage  with  pressure, 
while  Fig.  6  shows  the  corresponding  variation  of  critical  inten- 
sity computed  from  the  same  observations.  As  mentioned  before, 
nine  conductors  varying  from  0.238  to  0.950  cm.  in  diameter 
were  used.  Above  30  or  40  cm.  pressure  the  curves  are  nearly 
straight;  the  curvature  being  so  slight  as  to  be  within  the  error 
of  observation.  They  explain,  therefore,  the  conclusion  of  the 
earlier  paper  that  the  relation  between  pressure  and  critical 
intensity  is  linear  in  this  region. 


Fig.  4 — Taken  at  60  Cycles  and  60  Volts 


We  have  used  the  expression 


dv 
dr 


1      * 
rlogy 


for  calculating  the  critical  intensity  in  kilovolts  per  cm.  from 
the  observed  critical  voltage  on  the  transformer  test  coil.  E  is 
the  maximum  voltage  on  the  conductor  obtained  by  taking  into 
account  the  ratio  of  transformation  of  the  transformer,  and  the 
ratio  of  maximtmi  to  mean  effective  voltage,  while  r  and  R 
are  the  radii  of  conductor  and  tube,  respectively. 

Table  II  gives  a  typical  set  of  observations. 

Several  readings  were  taken  at  each  pressure  as  shown  in  the 
readings  for  the  last  three  pressures.  The  pressure  was  deter- 
mined by  use  of  a  gauge  or  monometer.  This  method  gives,  of 
course,  only  the  difference  of  pressure  between  that  in  the  tube 
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Fig.   5 — Observed  Variation  of  Critical    Corona  Voltage  with 
Pressure.    Transformer  Ratio  =  833 
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Fig.  6 — Variation  of  Critical  Intensity  with  Pressure  and  Size 
OF  Conductor  at  20  dec.  cent. 
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and  atmospheric.  For  this  reason  it  was  necessary  to  read  the 
barometer  to  obtain  the  absolute  pressure.  The  voltage  was  read 
by  two  Weston  alternating-current  voltmeters  of  suitable  ranges 
connected  to  the  test  coil  of  the  transformer,  as  stated. 
In  taking  readings  the  electroscope  was  first  charged  aftd 
then  the  voltage  gradually  raised  till  the  electroscope  was 
suddenly  discharged,  as  shown  by  the  fall  of  the  gold  leaf.    Atten- 


Diameter  of  conductor  0.316  cm. 


TABLE  II 
Tranjf ormer  ratio  838 


1 


r  log  R/r 


-  1.639 


Ratio 

Critical 

Critical 

Gauge  read- 

Pres- 

Test 

max. 

kilo- 

inten- 

ings 

Temp. 

Baro- 

sure 

coils 

volts 

sity 

eff. 

nun. 

ofhg. 

Diff. 

deg.  cent 

meter 

mm. 

volts 

max. 

kv.  cm. 

288 

1000 

712 

18.2 

760 

48 

4.5 

1.40 

6.2 

8.0 

316 

060 

644 

18.2 

760 

116 

7.2 

1.42 

8.5 

13.1 

348 

016 

667 

18.2 

760 

103 

10.3 

1.44 

12.3 

18.0 

361 

010 

640 

10.8 

766 

207 

10.0 

1.44 

13.0 

20.0 

366 

000 

644 

10.8 

766 

212 

11.2 

1.44 

13.4 

20.6 

431 

846 

416 

10.8 

756 

341 

15.7 

1.44 

18.0 

20.1 

484 

700 

315 

10.8 

766 

441 

10.3 

1.44 

23.2 

35.7 

630 

760 

220 

10.8 

766 

536 

22.4 

1.445 

27.0 

41.6 

602 

710 

118 

10.8 

756 

638 

25.5 

1.445 

30.7 

47.2 

756 

20.3 

1.446 

10.8 

756 

756 
756 
756 

20.5 
20.5 
20.3 

1.445 

35.5 

64.6 

766 

607 

1681 

014 

34.0 

1.445 

766 

607 

168 

014 

33.0 

764 

607 

167 

10.8 

766 

013 

34.0 

41.0 

63.1 

764 

607 

167 

013 

33.0 

840 

664 

206 

1051 

38.2 

860 

666 

206 

10.8 

756 

1061 

38.2 

1.445 

46.0 

70.8 

860 

666 

206 

1061 

38.2 

860 

666 

206 

1061 

38.2 

tion  is  called  to  the  accuracy  with  which  observations  may  be 
repeated. 

Empirical  Formulas,    As  stated  before,  Peek  has  given  the 
formula 

0.308  \ 


— (-^) 


connecting  the  critical  intensity  g  in  kilovolts  per  cm.  with 
pressure,  temperature  and  radius  of  conductor.     Fig.  8  shows 
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curves  for  three  sizes  of  conductor  for  the  temperature  20  deg. 
cent.  As  indicated,  the  circles  are  observed  points'  while  the 
full  lines  are  plotted  from  the  formula  given  above.  It  is  seen 
that  as  the  formula  stands,  it  does  not  meet  our  observations 
vtry  closely,  though  it  gives  a  curve  of  the  correct  general  form. 
By  suitable  changes  in  the  constants  the  formula  is  brought 
into  close  agreement. 

Fig.  9  is  plotted  from  the  formula 


0.235  \ 


,  =  33.6«(l+^ 


; 


(2) 


The  circles  show  the  observed  points  as  before.    It  is  seen  that 
with  the  formula  so  changed  it  represents  the  observations  about 
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Fig.  7 — Variation  of  Critical  Intensity  with  Size  of  Conductor 
at  20  dec.  cent.  and  76  cm.  pressure 


as  closely  as  the  readings  can  be  taken.  This  formula  gives  zero 
voltage  for  zero  pressure  provided  r  has  a  value  greater  than  zero, 
which,  of  course,  it  has  for  any  real  case.  As  the  present  observa- 
tions run  only  as  low  as  4  or  5  cm.  pressure,  they  fvmiish  no  test 
on  this  point.  Investigations  are  now  under  way  to  determine 
what  becomes  of  the  corona  at  very  low  pressures. 

If  in  equation  (2)  the  value  of  S  at  76  cm.  presstu^  and  tempera- 
ture 20  deg.  be  substituted,  the  following  formula  is  obtained: 


g  =  34  + 


11.2 


(8) 


This  formula  gives  the  variation  of  critical  intensity  with  D 
the  diameter  of  conductor  at  standard  temperature  and  pressure. 
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The  curve  in  Fig.  7  is  a  plot  from  this  equation,  while  the  circles 
are  observed  points.  In  the  earlier  work  a  formula  of  the  same 
form  but  with  different  constants  was  given,  namely: 

13.4 


g  =  32  + 


Vd 


(4) 
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The  first  constant  of  formula  (4)  is  less  than  that  of  formula 
(3)  while  the  second  is  greater,  so  the  difference  is  largely  one 
of  curvature.  What  difference  there  is  over  the  range  of  con- 
ductors observed  is  accounted  for  by  a  small  discrepancy  in  the 
ratios  of  transformation  of  the  transformers  i;f|i^i;^4h^jC<^ijU§C 
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experiments  and  in  the  present  ones.  It  was  found  by  trial  in  the 
earlier  experiments  that  the  indicated  critical  voltage  with  the 
30,000-volt  transfonner  with  which  those  experiments  were 
conducted  was  54  kv.  for  a  0.345-cm.  conductor  and  52.4  for 
the  100,000-volt  transfonner 
which  was  used  in  the  present 
set  of  experiments.  These 
two  differing  values  were  ob- 
tained at  the  same  time  and 
with  voltage  from  the  same 
generator.  Allowing  for  this 
discrepancy  the  present  ob- 
servations are  brought  into  ^a) 
close  agreement  with  the  older  ^ 
values.  As  the  purpose  of 
this  work  is  the  investiga- 
tion of  the  influence  of  density 
of  gas  on  critical  corona  in- 
tensity, and  as  the  above 
discrepancy  does  not  affect 
the  results  relatively,  its  elimination  has  been  left  to  a  later  date. 
Variation  of  Critical  Intensity  with  Temperature.  The  curves 
of  Fig.  10  show  the  variation  of  critical  corona  voltage  with 
temperature  corrected  to  the  pressure  76  cm.  Table  III  gives 
the  data  from  which  the  curves  were  plotted 
puted  are  from  the  formula 
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Fig.  10 — Variation  of  Critical 
Intensity  with  Temperature. 
AT  76  CM.  Pressure 


The  values  com- 


TABLE  III 

1         Test  coil  volts 

Critical  intenrity 

Diameter  of 

Temp. 

conductor 

deg.  cent. 

Barometer 

Read      |  Corrected 

Ob«.      1     Comp. 

0.238  . 

4.0 

758 

22.6             22.6 

60.3 

69.8 

24.3 

760 

21.6       '       21.5 

57.6 

56.6 

55.4 

754 

10.8 

20.0 

53.5 

52.3 

0.315 

8.7 

758 

26.4 

26.4 

57.6 

66.8 

24.2 

760 

25.0 

26.0 

54.3 

63.4 

50.8 

754 

23.1 

23.3       ' 

60.7 

50.0 

0.300 

6.3 

758 

29.1 

20.1 

53.7 

64.2 

24.2 

760 

28.1 

28.1       ! 

51.8 

61.8 

51.0 

754 

26.0 

26.1       1 

1 

48.1 

47.8 
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The  diameter  of  tube  used  as  outer  conductor  in  these  experi- 
ments was  10 . 5  cm.  The  curves  in  Fig.  9  are  practically  straight 
lines,  as  the  range  of  temperature  is  not  great  enough  to  bring 
out  any  curvature.  The  agreement  with  the  revised  Peek 
equation  is  also  very  close  here. 

Influence  of  Density  of  the  Medium  on  Critical  Intensity.  A 
simple  calculation  from  the  gas  equation 

pv  =  RT 

shows  that  the  pressure  coefficient  and  temperature  coefficient 
interpreted  in  terms  of  the  change  in  volume  of  unit  mass  of 
gas  are  the  same.  In  other  words  the  critical  corona  intensity 
in  air  varies  nearly  as  the  density  whether  such  change  is  pro- 
duced by  a  change  of  pressure  or  temperature.  This  idea  is 
implidtly  stated  in  Peek's  equation  in  his  density  factor.  It 
must  be  remembered,  however,  that  his  definition  gives  only 
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Fig.  11 — Effect  of  Density  of  the  Medium  on  Critical  Intensity 


the  relative  density.  With  a  view  to  the  more  definite  investiga- 
tion of  the  influence  of  density  as  the  mass  per  unit  volume  we 
have  made  some  interesting  preliminary  observations  on  the 
corona  in  a  gas  heavier  than  air. 

In  Fig.  11  are  shown  two  curves  of  the  variation  of  critical 
intensity  with  pressure,  one  in  air  and  the  other  in  a  mixture 
of  carbon  dioxide  and  air,  but  containing  about  90  per  cent  by 
volume  of  the  former.  Owing  to  leakage  of  the  tube  it  was  not 
possible  to  fill  it  with  the  pure  gas.  It  is  seen  that  there  is  little 
change  due  to  the  presence  of  the  caf  bon  dioxide,  although  its  den- 
sity is  about  1 . 5  times  that  of  air.  It  appears,  then,  from  these 
experiments,  that  the  variation  of  critical  intensity  does  not,  in 
fact,  depend  on  the  density,  but  is  rather  a  function  of  the  separa- 
tion of  the  molecules  of  the  gas,  since  according  to  the  law  of 
Avogadro  the  number  of  molecules  in  a  given  volume  of  gas  is  a 
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function  of  the  pressure  and  temperature  only,  and  does  not 
depend  on  the  natiu'e  of  the  substance.  The  indication  from 
these  curves  then  is  that  the  relation  of  the  electric  intensity  and 
corona  formation  is  found  in  the  average  separation  of  the 
molecules.  This  is  in  fact  a  principal  tenet  of  the  theory  of 
secondary  ionization  or  ionization  by  collision  as  explaining  all 
forms  of  spark  discharge  in  gases.  The  opinion  has  been  expressed 
in  several  places  in  this  series  of  papers  that  the  theory  of  second- 
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Fig.   12 — Sparking    Potentials    between    Spheres,    by   Watson 

ary  ionization  offers  the  most  promising  explanation  of  corona 
formation. 


IV.  Comparison  with  Results  on  Sparking  Potentials 
Fig.  12  is  reproduced  from  a  paper  by  Watson  on  "  The 
Dielectric  Strength  of  Air.**'  The  curves  show  the  variation  of 
the  sparking  potentials  between  spheres  with  variation  of  pres- 
sure.    The  pressures  range  from  atmospheric  upward,  so  that 


6.   Jour.  InsL  Elec.  Engrs.,  Vol.  XLIIl,  1909. 
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they  are  not  directly  comparable  with  the  pressures  in  the  present 
set  of  corona  experiments.  From  the  work  of  other  observers, 
however,  it  is  known  that  the  curves  extend  down  toward  the 
zero  until  they  reach  the  so-called  **  critical  pressure."  Upon 
ftuther  reduction  of  pressure  the  curves  turn  sharply  upward. 
These  critical  pressures  vary  with  the  length  of  spark  gap,  ranging 
from  3  to  0.3  mm.  for  spark  gaps  of  1  to  10  mm.,  respectively.^ 

It  is  seen  by  reference  to  the  curves  that  their  general  shape 
is  the  same  as  for  critical  corona  intensity.  The  chief  question 
of  interest  in  both  cases  is  the  departure  from  the  linear  law  as 
the  curvature  is  probably  due  to  a  common  cause.  By  analogy 
with  curves  for  sparking  potentials  it  may  be  anticipated  that 
the  critical  corona  intensity  may  rise  at  very  low  pressures.  It 
is  well  known  that  it  is  difficult  to  get  the  vacuum  tube  discharge 
at  very  high  vacua. 

The  results  obtained  with  corona  in  carbon  dioxide  were  to  be 
anticipated  from  Paschen's  law.  This  law  states  that  the  spark- 
ing potential  depends  on  the  product  of  the  pressure  and  the 
spark  length.  Curves  plotted  with  products  of  pressure  and 
spark  length  as  abscissas  and  sparking  potentials  as  ordinates 
are  nearly  the  same  for  air  and  carbon  dioxide  but  differ  con- 
siderably for  hydrogen.  No  attempt  was  made  to  try  hydrogen 
as  the  medium  surrounding  the  conductor  in  the  present  set  of 
experiments  owing  to  the  presence  of  some  leakage  of  the  tube 
which  might  have  resulted  in  the  production  of  an  explosive 
mixture.  We  wish  to  emphasize  the  simplicity  of  the  corona 
apparatus  as  a  method  for  studying  the  theory  of  gaseous  con- 
duction. 

V.  Discussion 

As  most  of  the  observed  laws  of  corona  formation  are  in  accord 
with  the  theory  of  ionization  by  collision,  a  brief  statement  of 
some  of  the  fundamental  experiments  and  conclusions  of  that 
theory  will  not  be  out  of  place. 

When  two  parallel  conducting  plates  are  connected  to  a  source 
of  potential  difference  and  the  gas  between  them  ionized  by  X- 
rays  or  radium,  it  is  found  that  a  current  passes.  This  current 
increases  at  first  as  the  potential  difference  is  increased,  but  later 
attains  a  stationary  value.  No  further  increase  of  the  current 
with  increasing  voltage  is  noted  until  a  considerably  higher  volt- 
age is  reached  when  the  current  again  increases  rapidly  with  in- 
creasing voltage.     The  interpretation  of  this  phenomenon  is 

7.   "  Conduction  of  Electricity  through  Gases,'*  J.  J.  Thomson,  190ft. 
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that  the  X-rays  produce  ions  at  a  definite  rate  so  that  the 
current  which  can  be  produced  by  sweeping  out  all  these  ions 
has  a  limit.  The  stationary  value  of  the  current  spoken  of, 
marks  this  limit.  When,  however,  the  voltage  becomes  suffi- 
ciently high  the  ions  attain  a  velocity  which  enables  them  to 
produce  new  ones  by  collision  with  neutral  atoms.  This  is 
known  as  ionization  by  collision  or  secondary  ionization.  This 
theory  of  ionization  by  collision  accounts  for  the  order  of  mag- 
nitude of  the  critical  corona  voltage  which  in  the  limiting  case  of 
plane  surfaces  is  approximately  30  kv.  per  cm.  The  mean  free 
path  of  the  electrons  is  about  6  X  10"*  cp.  at  76  cm.  pressure 
and  20  deg.  cent.,  as  has  been  shown  by  Townsend  and  others- 
This  is  about  six  times  the  mean  free  path  of  the  molecules  of  the 
gas.  For  the  ordinary  sizes  of  conductors  the  voltage  over  a 
mean  free  path  of  an  electron  is  about  2  volts.  This  indicates 
that  the  critical  intensity  is  that  which  gives  the  ionizing  voltage 
of  about  10  volts*  in  a  distance  of  five  times  the  mean  free  path, 
or  in  other  words  some  of  the  electrons  having  a  free  path  of 
five  or  more  times  the  average,  start  the  corona. . 

The  ionization  theory  fails  as  yet  to  show  why  the  critical 
intensity  varies  with  the  size  of  conductor  and  why  the  variation 
of  critical  intensity  with  pressure  does  not  follow  a  linear  law. 
As  has  been  frequently  shown,  the  critical  intensity  rises  quite 
rapidly  as  the  size  of  conductor  is  reduced.  The  intensity  in  the 
gas  falls  away  as  l/r  where  r  is  the  distance  from  the  center  of 
the  conductor,  and  from  this  it  is  seen  that  the  intensity  dimin- 
ishes much  more  rapidly  in  the  immediate  neighborhood  of  a 
small  conductor  than  a  large  one.  Nevertheless,  the  diminution 
in  a  distance  of  five  or  ten  mean  free  paths  of  an  electron  is 
negligibly  small  in  any  practical  case. 

The  corona  begins  and  ends  at  approximately  the  same  voltage 
on  the  e.m.f .  wave.  This  indicates  that  the  rate  of  recombination 
of  the  ions  is  very  great.  It  appears  possible  from  this  fact  that 
the  corona  will  not  start  until  the  intensity  is  high  enough  over 
some  depth  such  as  half  a  mm.  on  account  of  the  great  amount 
of  recombination  which  goes  on  in  the  neighboring  space,  where 
the  intensity  is  too  low. 

VI.  Conclusions 
1.  The  critical  corona-forming  electric  intensity  in  air   has 
been  determined  over  the  range  of  pressure  from  5  cm.  to  108  cm. 
8.    Bishop:    Physical  Review,  Vol.  XXXIII.  1911. 
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of  xnerctiry,  for  nine  sizes  of  round  conductor  of  diameters  from 
0.23  to  0.95  cm. 

2 .  A  few  observations  on  the  influence  of  temperature  within 
the  range  of  5  deg.  to  55  deg.  cent,  are  also  recorded. 

3 .  The  results  are  in  substantial  agreement  with  the  empirical 
relation  between  electric  intensity,  pressure  and  temperature 
suggested  by  Peek. 

4 .  Experiments  with  carbon  dioxide  indicate  that  the  critical 
corona  intensity  is  independent  of  the  absolute  density  of  the  gas, 
but  depends  on  the  number  and  spacing  of  the  molecules,  in 
accord  with  the  theory  of  secondary  ionization. 
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THE  POSITIVE  AND  THE  NEGATIVE  CORONA  AND 
ELECTRICAL  PRECIPITATION 


by  w.  w.  strong 

Purpose  and  Experimental  Apparatus 
The  purpose  of  the  present  investigation  was  to  obtain  the 
watt- voltage  curves  of  corona  discharge  under  certain  conditions 
that  are  met  in  the  process  of  precipitating  fumes,  dust  and  smoke 
electrically.  Up  to  the  present  time  the  engineer  has  been  mostly 
interested  in  the  energy  losses  that  occur  on  high- voltage  trans- 
mission lines.  In  general  this  corona  current  is  an  alternating 
one  taking  place  at  comparatively  low  voltages.  In  the  electrical 
method  used  to  remove  suspended  dust,  smoke  and  fumes  from 
gases  it  is  advantageous  to  use  a  unidirectional  corona  current 
at  as  high  potentials  as  possible  without  sparking  or  arcing  taking 
place.  On  high-voltage  transmission  lines  the  aim  is  to  prevent 
corona  discharge.  In  electrical  precipitation  the  aim  is  to  produce 
as  copious  a  corona  current  as  possible. 

In  the  present  work*  the  apparatus  is  that  indicated  in  outline 
in  Fig.  1.  The  transformer  T  (ratio  of  transformation  237)  is 
supplied  by  220- volt  mains  through  a  lamp  resistance  LJR.  A  is 
an  ammeter,  V  a  voltmeter  and  W  a  precision  wattmeter. 

The  transformer  high-voltage  terminals  are  connected  to  a 
rectifier  R  consisting  of  a  commutator  of  an  angular  width  of 
30  deg.  run  at  1800  rev.  per  min.  by  a  synchronous  motor,  the 
primary  current  being  60-cycle.  This  makes  the  effective  angle 
of  the  commutator  60  deg.  The  rectifier  apparatus  was  made  so 
that  the  synchronous  motor  frame  could  be  revolved  through 
100  deg.  and  clamped  in  any  position  while  running  at  full  speed. 

1.   See  Journ,  Frank.  Inst.,  Sept.,  1912. 
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The  position  of  the  motor  was  read  as  being  at  0  deg.  when  the 
motor  frame  was  in  a  vertical  position.  When  on  open  circuit 
the  position  of  the  motor  for  minimum  sparking  on  the  rectified 
side  was  36  deg.  from  the  vertical.  The  corona  discharge  takes 
place  between  the  wire  electrode  A  E  and  the  grounded  cylinder 
C.  5  is  a  blower  for  producing  air  currents  in  C.  G  is  a  furnace 
heated  by  natural  gas  or  by  coal.  By  using  natural  gas  the  air 
can  be  heated  so  that  aX  A  E  its  temperattire  may  be  300  deg. 
cent.  This  "  hot  air  ''  contains  a  large  percentage  of  COj  and  is 
in  a  state  of  greater  or  less  ionization. 

An  illustration  showing  one  of  the  precipitation  chambers 
used  in  the  present  investigation  is  indicated  in  Fig.  2  in  vertical 
section,  and  was  designed  by  Prof.  Nesbit  and  the  writer.  1 1  and 
12  are  inlets  for  gases;  A  E  is  the  active  electrode  and  usually 
consisted  of  No.  20  wire;  headers  13  and  14  serve  to  give  rigidity 
to  the  five-inch  cylinders  15; 
the  cylinders  are  arranged  in 
concentric  circular  series  and 
in  this  chamber  numbered 
25,  being  4  ft.  (1.2  m.)  in 
length;  the  header  is  made  to 
fit  tightly  over  the  deposition 
box  10;  1  and  2  are  large  in- 
sulators connected  by  a  rod 
3|  and  to  spoked  rings  4  and 
5  to  which  are  fingers  6,  and 
set  screws  7  for  centering  and 
keeping  the  active  electrodes  stretched;  8  and  9  are  supporting 
pieces  that  permit  the  whole  system  of  electrodes  to  be  raised 
off  the  settling  chamber. 

When  wires  are  used  as  active  electrodes  within  metallic 
cylinders  they  are  frequently  set  into  vibration,  a  corona  dis- 
charge taking  place  from  the  wire.  This  vibration  is  quite  marked 
when  the  wire  is  not  axially  fastened  and  when  the  difference  of 
electrical  potential  is  almost  equal  to  the  sparking  potential. 
The  vibrations  are  much  more  easily  excited  and  are  much  more 
violent  when  the  corona  is  positive.  This  is  to  be  expected,  since 
the  positive  corona  is  very  greatly  affected  by  non-uniformity  of 
the  electric  field.  The  positive  corona  brush  discharge  is  entirely 
localized  in  the  more  intense  portions  of  the  electric  field.  On 
the  other  hand,  the  visible  negative  corona  does  not  spread  very 
far  from  the  active  electrode  surface  and  is  not  easily  modified 
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by  the  active  electrode  not  being  axially  placed  within  the 
cylinder.  This  is  one  of  the  reasons  why  a  negative  corona  is 
usually  more  effective  in  electrical  precipitation  than  the  posi- 
tive corona. 

The  Nature  of  the  Corona  Discharge 
It  must  be  remembered  that  the  corona  discharge  is  only  a 
special  form  of  electrical  discharge  and  is  closely  related  to  the 
point  discharge,  the  various  vacuum  tube  discharges,  oscillatory 
and  brush  discharges,  arcs,  etc.  Aubertin,*  by  using  certain  con- 
ditions of  discharge,  has  ob- 
served the  characteristic  bright 
and  dark  regions  in  discharges 
at  ordinary  pressures  by  using 
a  microscope.  It  is  unfortunate 
that  no  study  of  the  corona  dis- 
charge has  been  made  through  a 
wide  range  of  pressiu^es,  and  it 
is  quite  possible  that  such  a 
study  would  indicate  the  pres- 
ence of  an  anode  and  cathode 
glow  in  the  positive  and  negative 
coronas  respectively.  Such  a 
glow  or  region  of  intense  ioniza- 
tion would  probably  explain  the 
fact  that  the  break-down 
strength  of  air  is  greater  for 
smaller  wires,  since  the  second- 
ary ionization  may  take  place  in 
the  gas  near  the  metallic  surface 
rather  than  at  the  metallic  siu-- 
face  itself. 

The  ions  produced  by  the  corona  discharge  in  pure  gases  such  as 
oxygen  and  nitrogen  possess  a  mobility  of  about  a  centimeter  per 
second,  the  negative  ions  usually  having  a  slightly  greater  mobil- 
ity. There  are  many  conditions,  however,  where  ions  have  a  much 
smaller  mobility  of  about  a  thousandth  part  of  that  of  "  small  " 
ions.  Such  ions  are  produced  when  hydrochloric  acid  acts  on 
zinc,  marble,  etc.;  when  oxygen  is  prepared  by  heating  potassium 
permanganate;  when  combustion  takes  place  in  flames,  the  burn- 
ing of  coal,  etc.    The  presence  of  dust,  fume  particles,  smoke, 


Fig.  2 — Vertical  Section 
THROUGH  Precipitation 
Chamber 
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mist,  vapor  sprays,  etc.,  results  in  ions  of  large  mobility  combin- 
ing with  these  particles  and  forming  ions  of  very  small  mobility. 
These  ions  may  have  as  small  a  mobility  as  0 .  0002  cm.  per  second 
or  less,  and  will  be  called  "  large  "  ions.  Large  ions  existing  in 
the  immediate  neighborhood  of  flames  have  a  diameter  of  about 
0. 1  /x  (particles  containing  say  10*  molecules),  and  exist  in  large 
numbers  in  free  air  (about  16,000  per  cu.  cm.  under  ordinary 
conditions). 

The  charged  particles  that  one  finds  in  hot  gases,  fumes,  smoke, 
etc.,  consist  of  "simple"  ions  similar  to  those  found  in  pure  gases; 
"  large  "  ions  consisting  of  charged  particles  possessing  a  mobility 
of  about  0.0001  cm.  per  sec.  or  less,  the  neutral  particles  being 
very  small,  usually  invisible  except  in  an  ultramicroscope,  and 
often  called  neutral  centers;  and  charged  dust,  smoke,  and  fume 
particles  of  a  size  suflBciently  large  to  be  seen  by  the  naked  eye. 
In  any  gas  the  conditions  will  always  be  directed  towards  an 
equilibritun  in  the  relative  numbers  of  these  three  kinds  of  ions, 
the  neutral  centers  and  the  dust  particles. 

Suppose  a  gas  contains  M  neutral  centers  and  is  then  subjected 
to  an  ionizing  agent  producing  p  positive  and  n  negative  simple 
ions  per  second.  When  equilibrium  is  reached  there  will  be  P 
positive  and  N  negative  large  ions.  In  equilibriimi  the  number 
of  recombinations  of  neutral  centers  and  small  ions  will  be  ap- 
proximately equal  to  the  disappearance  of  large  ions,  d  P/dt  and 
dN/dL 

Broglie  has  shown  that  neutral  centers  are  easily  removed  from 
gases  by  filtration  through  cotton.  Neutral  centers  due  to 
water  dust  are  destroyed  by  heating  to  250  deg.  or  300  deg.  cent. 
The  ratio  P  +  N/M  is  very  small.  Broglie  has  succeeded  in 
charging  netural  centers  by  the  action  of  an  electric  field  under 
certain  conditions.  Large  ions  often  have  a  charge  from  30  to 
50  times  as  great  as  that  of  the  elementary  charge. 

In  electrical  precipitation  the  presence  of  the  simple  and  large 
ions  has  a  very  great  effect  upon  the  sparking  and  arcing  potential. 
Some  of  the  following  data  show  this  very  clearly.  For  the  most 
effective  precipitation  it  is  best  to  operate  as  near  the  sparking 
potential  as  possible.  When  a  large  amount  of  suspended  matter 
is  present  in  the  gas  the  sparking  potential  is  approximately  the 
same  as  in  air.  An  example  illustrating  this  is  the  sparking  poten- 
tial between  electrodes  maintained  at  a  constant  difference  of 
potential. 
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(Gap  condition)  (Minimum  spark  gap  length) 

Room  air 28  mm.  gap  length. 

Pluegas 35deg.  cent.  35     •         «       " 

«       «   60*       •  35''         •       • 

«       «    90     "       "  37     «         "       « 

«       «    95"       "  45"         "       " 

Dense  smoke 95     «       *  30     «         «       « 

The  alternating  corona  is  to  be  explained  as  depending  on  the 
properties  of  the  positive  and  negative  coronas.  The  positive 
and  negative  coronas  are  secondary  ionization  phenomena  and 
may  be  influenced  by  the  nature  of  the  ions  existing  before 
the  discharge  commences. 

Positive  Current  Corona  Losses 

In  the  data  on  positive  and  negative  coronas  it  must  be  re- 
membered that  the  reading  instruments  are  on  the  primary  side 
of  the  transformer;  that  about  60  deg.  of  the  wave  form  is  recti- 
fied; and  that  there  are  foiu-  small  spark  gaps  in  series  in  the 
secondary  circuit.  The  length  of  these  spark  gaps  was  generally 
from  one  to  about  three  mm.  When  any  comparison  is  made 
between  positive  and  negative  corona  the  electrical  and  rectifier 
conditions  are  identical. 

The  energy  consimiption  is  measured  at  different  voltages  when 
one  high- voltage  terminal  of  the  transformer  is  grounded  and  the 
other  terminal  is  open.  The  open  terminal  is  then  connected  to 
the  active  electrodes  of  the  precipitation  chamber  and  the  in- 
creased loss  of  energy  is  assumed  to  go  into  the  corona  discharge. 
This  is  only  approximately  true. 

Experiments  have  been  performed  for  only  a  small  range  of 
gas  velocity  changes.  In  the  experiments  recorded  in  Table  I  a 
lamp  resistance  was  placed  in  the  primary  of  the  transformer, 
lamps  being  gradually  added  in  parallel  in  (a)  and  decreased  in 
(c).  In  the  case  of  the  positive  corona,  the  production  of  a  draft 
did  not  increase  the  spark  potential  difference  of  the  corona  loss 
to  any  appreciable  extent.  This  result  is  shown  in  the  last  read- 
ing of  (a)  and  the  reading  of  (b).  In  other  words,  the  character 
of  the  discharge  was  but  slightly  changed  by  putting  the  air 
into  motion. 

The  introduction  of  hot  furnace  gases  causes  a  very  consider- 
able decrease  in  the  sparking  potential.  In  this  instance  the 
sparking  potential  was  reduced  from  30,600  to  28,500  volts. 
The  sparks  were  of  the  "  snapping  "  oscillatory  type.     The 
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number  of  lamps  in  the  readings  (1),  (2),  (3),  (4),  and  (5)  was 
the  same.  Readings  (5)  to  (9)  were  made  at  practically  the  same 
potential,  the  amount  of  sparking  decreasing.  The  sparks  tak- 
ing place  at  (5)  consume  almost  as  much  energy  as  the  corona 
itself.  The  positive  corona  loss  appears  to  be  slightly  less  in  the 
hot  gases  than  in  room  air.  The  energy  loss  due  to  the  corona 
discharge  and  the  transformer  losses  are  given  as  "  total."    The 


TABLE  I 
PosxTXVB  Corona  (Rotor  Vsrtxcal) 


(a)  StiU  air  at  room  tempe 
Secondary  voltage 

rature. 

Primary  amperes 

WatU  loss 

Total 

Corona 

8.800 

0.66 

12 

,^_ 

21,300 

0.96 

76 

10 

23,800 

1.46 

128 

62 

24.000 

1.94 

182 

105  (?) 

27.600 

2.42 

236 

142 

28,700 

2.96 

286 

186 

29.300 

3.4 

330 

225 

30,200 

4.2 

410 

300 

80,400  (1) 

4.7 

448 

346 

30.200  (2) 

4.7 

447 

345 

(b)  Air  velocity  about  800 

cu.  ft.  per  min.    Roo 

m  temperature 

30,600  (3) 

4.7 

447 

342 

(c)  Air  velocity  about  800 

cu.  ft.  per  min.      Pur 

nace  gas  temperatu 

re  170  deg.  cent. 

29.600  (4) 

6.1  sparking 

426 

315 

28.000  (6) 

6.2 

416 

316 

28.600  (6) 

4.6 

386 

266 

28.300  (7) 

4.2 

369 

239 

28.600  (8) 

3.^         • 

324 

204 

28.600  (9) 

2.9 

273 

153 

27.000 

2.4 

232 

137 

26.000 

1.96 

181 

94 

24.300 

1.46 

130 

46 

21.000 

0.96 

73 

8 

"  total  "  loss  minus  the  loss  in  the  transformer  and  rectifier  on 
open  circuit  (one  terminal  grounded)  is  given  as  the  corona  loss 
for  100  ft.  (30.4  m.)  of  No.  20  wire  in  5-in.  (12.7-cm.)  cylinders. 
The  wires  were  cleaned  only  to  the  extent  of  careful  brushing. 
The  voltage  is  the  effective  volt  reading  of  the  primary  multiplied 
by  the  ratio  of  transformation.  The  readings  are  of  relative 
value  only  as  the  electromotive  force  wave  is  distorted  from  the 
sinejorm  by  the  action  of  the  rectifier. 
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Negative  Current  Corona  Losses 
From  Tables  I  and  III,  which  give  comparable  results  for  posi- 
tive and  negative  corona,  it  will  be  seen  that  the  ionization  of  a 
gas  affects  the  two  coronas  differently.  It  Was  hoped  that  the 
properties  of  the  alternating  corona  could  be  shown  to  be  the 
additive  eflEect  (wattage  loss  curves,  sparking  potential,  etc.) 
of  the  positive  and  negative  coronas.  On  account  of  the  irregulari- 
ties introduced  by  the  present  form  of  rectifier  this  could  not  be 


TABLE  II 
Positive  Corona  (Rotor  16  dbc.  prom  Vertical) 


(a)  Still  air  at  room  tempe 
Secondary  voltage 

rature 

Primary  amperes 

Watts  loss 

ToUl 

Corona 

21,800 

1.0 

79 



27.300 

1.42 

129 

35 

31.000 

1.8 

178 

63 

38.600 

2.23 

220 

85 

34.600 

2.63 

257 

115 

36.300 

3.0 

293 

130 

36.800 

3.4 

319 

150 

37.200 

3.65 

345 

165 

38.000 

5.0 

388 

198 

(b)  Air  velocity  about  800 

cu.  ft.  per  min.      Roo 

m  temx)erature 

38.600 

4.6 

400                             200 

1 

(c)  Air  velocity  about  800 

cu.  ft.  per  min.      Fur 

1 
nace  gas  temperatu're  170  deg.  cent. 

1 

36,600 

4.6 

360 

195 

36.800 

4.15 

337 

166 

36.000 

3.6 

319                             160 

36.600 

3.1 

290                             135 

36.000                                   2.66 

253               1               103 

33  200                                  2.25 

219               ;                 80 

30.700 

1.85 

178                                63 

27.200 

1.4 

130                               35 

done.    A  new  form  of  rectifier  is  being  devised  to  eliminate  these 
effects  as  much  as  possible. 

The  following  Table  III  gives  the  loss  wattage  due  to  a  nega- 
tive corona,  the  position  of  the  rotor  and  the  rectifier  electrodes 
being  the  same  as  was  the  case  when  the  data  in  Table  I  were 
taken.  It  is  assumed  that  the  fall  in  potential  across  the  rectifier 
electrodes  is  the  same  as  in  the  case  of  the  positive  corona.  For 
given  differences  of  potential  the  negative  corona  loss  is  less 
than  the  positive  corona  loss.    In  still  air  the  sparking  potential 
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is  approxixnately  the  same  for  both  coronas.  The  existence  of  a 
comparatively  small  air  velocity  permits  the  potential  difference 
to  be  raised  very  considerably  as  is  shown  in  (6). 

The  sparking  p>otential  difference  for  the  hot  furnace  gas  is 
about  4000  volts  less  than  the  value  for  air.  Above  30,000  volts, 
the  corona  loss  appears  to  be  slightly  greater  in  air  than  in  the 
furnace  gas. 

Within  the  range  of  values  used  in  these  experiments  it  was 
found  that  the  existence  of  a  draft  of  air  did  not  affect  the  wattage 
loss  or  the  sparking  potential  of  the  positive  coronas  to  any 
appreciable  extent.  The  sparking  potential  is  slightly  greater 
when  the  air  is  in  motion.    The  existence  of  even  a  small  air 
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Fig    3 — Watts  Loss — Electrodes  of  Fig.  2 


velocity  results  in  a  very  decided  increase  in  the  sparking  poten- 
tial of  the  negative  corona.  This  results  in  the  possibility  of  a 
much  greater  corona  current  density  being  obtainable  in  the 
process  of  precipitation  when  the  active  electrode  is  made  nega- 
tive. When  warm  ionized  air  is  passed  through  the  negative 
corona  discharge  the  sparking  potential  is  greatly  reduced,  the 
reduction  in  some  instances  being  to  the  same  or  less  value  than 
that  for  still  room  air. 

Assimiing  that  the  potential  drop  across  the  rectifier  gaps  is 
independent  of  the  direction  of  flow  of  the  cturent,  it  follows  that 
for  corresponding  voltages  the  loss  due  to  the  positive  corona 
is  greater  than  that  due  to  the  negative. 
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HiGH-VOLTAGB  CURRBNT  ELECTROLYSIS 

Some  measurements  were  made  of  the  electrolytic  gas  produced 
by  the  corona  currents.  The  values  obtained  agreed  approxi- 
mately with  the  energy  loss  measurements.  Alternating  cturent 
corona  begins  to  produce  electrolysis  when  the  voltage  becomes 

TABLE  III 
Nbgativs  Corona  (Rotor  Vsrtxcal) 


(a)  Still  Rir  at  room  twnpe 
Secondary  voltage 

ratnre. 

Primary  aini>eree 

Watte 

Total 

Corona 

8,800 

0.6 

12 

21.600 

0.96 

78 

8 

26.800 

1.88 

130 

46 

27300 

1.8 

184 

86 

29.700 

2.2 

234 

126 

81.200 

2.68 

281 

166 

82.600 

2.87 

326 

198 

38.000 

3.2 

364 

234 

84.000 

8.47 

400 

200 

84.800 

8.7 

440 

298 

86.000 

4.1 

484 

334  Occasional 
sparking. 

(b)  Air  vdodty  about  800 

cu.  ft.  per  min.    Roc 

m  temperature. 

86.600 

4.0 

476 

326 

30.600 

4.6 

668 

408 

87.000 

6.1 

643 

468 

87.600 

6.6 

706 

626 

38.000 

6.7 

780 

690  Sparking 

(c)  Air  velocity  about  800 

cu.  ft.  per  min.     Purn 

ace  gas  temperatur 

e  170  deg.  cent. 

36.000 

6.0 

678 

392  Occastonal 
sparking 

84.000 

4.86 

492 

352 

88.300 

3.66 

411 

280 

82.600 

3.86 

877 

261 

31.600 

3.1 

333 

213 

80.600 

2.7 

291 

136 

2Q.300 

2.3 

238 

130 

27.300 

1.88 

186 

91 

24.700 

1.83 

130 

60 

21.300 

1.0 

78 

10 

sufficiently  high  or  when  short  spark  gaps  are  introduced  into 
the  circuit.  Efforts  are  being  made  to  make  useful  applications 
of  these  facts. 

Summary 
1 .  Since  the  negative  corona  is  much  more  uniformly  distri- 
buted about  the  active  electrode,  and  on  account  of  its  greater 


fZ'^ogle 


1764  STRONG:  CORONA  (June  27 

Stability  as  regards  sparking,  the  negative  corona  discharge  is 
much  more  suitable  than  the  positive  for  electrical  precipitation. 
In  the  precipitation  chamber  described  (capable  of  cleaning  about 
800  cu.  ft.  (22.6  cu.  m.)  of  gas  per  min.)  the  negative  corona 
consimies  about  300  watts  under  the  best  conditions  for  precipita- 
tion. 

2.  Under  similar  conditions  of  the  electrical  circuit  the  loss 
due  to  the  positive  corona  is  slightly  greater  than  that  due  to  the 
negative  corona  at  the  same  voltage. 

3.  For  values  of  the  electric  field  near  the  sparking  potential 
the  negative  corona  watt  loss  ciu^e  is  flatter  than  the  curve  for 
the  positive  corona. 

4.  The  positive  corona  loss  in  room  air  and  ionized  furnace 
gases  is  about  the  same.  Increasing  the  air  velocity  affects  the 
sparking  potential  and  the  corona  loss  but  slightly. 

5 .  Increasing  the  air  velocity  increases  the  sparking  potential 
of  a  negative  corona  in  ordinary  air.  The  corona  watt  loss  is 
considerably  greater  in  hot  ionized  gas  than  in  air. 

6 .  The  positive  corona  tends  to  go  over  to  an  oscillatory  spark 
while  the  negative  corona  is  more  easily  changed  into  aii  arc  form 
of  discharge. 

7.  Since  the  negative  corona  curve  is  the  flatter  and  since 
larger  negative  corona  currents  can  be  obtained,  the  negative 
corona  is  much  better  adapted  for  electrical  precipitation  than 
the  positive  corona. 

8.  The  presence  of  suspended  matter  in  the  gases  does  not 
affect  the  corona  currents  greatly. 

9.  The  greater  "  dielectric  strength  *'  of  air  near  small  wires 
may  be  due  to  the  corona  discharge  containing  a  "  glow  "  re- 
gion near  the  wire. 

10.  The  presence  of  suspended  matter  in  hot  gases  increases 
the  sparking  potential  in  these  gases.  This  is  probably  due  in 
part  to  the  disappearance  of  the  smaller  ions.  The  presence  of 
suspended  matter  in  ordinary  air  decreases  the  sparking  potential. 

Application  to  a  Smoke  and  Fume  Indicator 
Many  of  the  effects  of  the  presence  of  dust  and  smoke  upon 
the  high-tension  electrical  discharges  are  illustrated  in  the  action 
of  the  smoke  indicator.  This  instrument  throws  in  an  indicat- 
ing circuit  (such  as  a  bell  or  red  light  circuit)  whenever  the 
smoke  or  fumes  in  a  gas  exceed  a  certain  density.  It  consists 
of  a  high-voltage  small-wattage  (about  100  watts)  transformer 
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in  whose  high-tension  circuit  are  included  a  set  of  parallel 
spark  gaps,  one  set  of  electrodes  being  placed  in  the  flue  gases 
and  the  other  set  being  placed  in  air.  The  circuit  conditions 
in  the  transformer  are  such  that  the  discharge  between  the  air 
electrodes  is  oscillatory  and  crfn  be  made  to  throw  in  circuits 
by  the  use  of  wireless  telegraph  methods. 

The  presence  of  dust,  smoke  and  fumes  increases  the  spark- 
ing potential  of  the  flue  gases  so  that  when  the  intensity  of  this 
suspended  matter  exceeds  a  certain  value,  sparking  takes  place 
between  the  air  electrodes.  By  regulating  the  length  of  the 
spark  gaps  the  indicator  circuit  can  be  thrown  on  whenever 
the  smoke  density  exceeds  any  given  value. 

In  the  absence  of  smoke,  ordinary  furnace  gases  permit  the 
passage  of  a  quiet  violet  flame  discharge.  These  flames  are 
ribbon-like  and  are  forked.  Under  these  conditions,  the  dis- 
charge is  a  maximum  and  the  potential  a  minimum.  As  the 
amount  of  suspended  matter  is  increased,  this  violet  discharge 
gradually  disappears,  the  current  decreases  and  the  potential 
increases.  When  the  smoke  is  very  dense  the  discharge  becomes 
practically  the  same  as  in  a  non-ionized  gas. 

The  explanation  of  this  whole  phenomenon  is  probably  due 
to  the  ions  produced  in  the  furnace  combining  with  the  dust 
particles. 
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LAW  OP  CORONA  AND  DIELECTRIC  STRENGTH  OF 

AIR— III 

(A  Thbory  of  Rupturb) 


BY  F.  W.  PBBK,  jr. 


Visual  Corona  and  Rupturing  Enbrgy 
The  appareritly  greater  strength  of  air  around  small  conductors 
was  long  attributed  to  a  film  of  condensed  air  at  the  conductor 
surface  having  a  greater  relative  effect  for  small  conductors 
than  large  ones. 

In  The  Law  of  Corona — J*,  as  the  result  of  extensive  experi- 
ments it  was  shown  that  at  atmospheric  pressure  (76  cm.  ba- 
rometer— 25  deg.  cent.)  the  maximum  gradient  at  the  surface  of 
the  wire  when  visual  corona  starts  could  be  expressed  by  the 
equation 

The  mathematical  expression  for  the  gradient  at  jc  cm.  from  the 
conductor  surface  is,  where  x  is  smaU, 


(2) 


(r  +  x)  log.  s/r 


Then  if  f  «  f «,  the  voltage  at  which  visual  corona  starts,  and 

^-  "    r  log]  s/r  (*^ 

•Trans.  A.  I.  E.  E..  Vol.  XXX.  1911.  p.  1889. 
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or 


^0  = 


(r  + 0.301  v7)log.5/r 


^  29.8 


(4) 


From  (2)  it  can  be  seen  that  go  is  the  gradient  0.301  Vr  cm. 
from  the  conductor  surface.  This  means  that  when  corqna 
starts,  the  gradient  0.301  y/7  cm.  from  the  conductor  surface  is 
always  constant,  go,  independent  of  the  size  of  the  conductor  or 
the  spacing.    See  Fig.  1. 

The  theory  advanced*  for 
this  apparent  variation  of  the 
strength  of  air  was: 

Air  has  a  constant  strength 
go  for  a  given  density,  but  a 
finite  amount  of  energy  is 
necessary  to  cause  rupture 
or  start  corona.  Hence  rup- 
ture starts,  not  when  the 
gradient  is  go  at  the  surface  of 
the  conductor,  but  only  when 
the  gradient  is  go  a  finite  distance  from  the  surface;  that  is,  the 
stress  at  the  conductor  surface  must  exceed  the  elastic  limit  go,  or 
be  increased  to  g^  in  order  to  supply  the  necessary  rupturing  energy 
between  the  conductor  surface  and  a  finite  distance  in  space 
(0.30lV7^cm.)  away  where  the  stress  is  go  and  breakdown 
occurs.  The  energy  stored  in  this  space  may  be  called  the 
rupturing  energy.     See  Fig.  1. 

Air  Density,  If  go  is  the  strength  of  air  at  the  standard  density 
8  =■  1  (76  cm.  —  25  deg.  cent.),  the  strength  at  any  other  rela- 
tive density  should  be 

8  go 
where 


o.aofVr" 


RUPTURING  ENERGY  ENVELOPE 


Pig.  1 


8  = 


3.92  ft 
273  +  / 


*Law  of  Corona  and  Dielectric  Strength  of  Air — /,  Trans.  A.  I.  E.  E. 
Vol.  XXX,  p.  1889. 
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The  energy  distance  a  =  0.301  Vr  should  also  vary  with  i 
if  the  rupturing  theory  given  above  holds,  or 

a  =  0.301  Vr<^(8) 
Then  g^  should  be  written 


•  /-    ,        0.301     \ 


This  was  shown  to  be  the  case  in  the  Law  of  Corona — II,*  or 
that 


g,  =  31  0  f  1  +       s — I  kv.  per  cm. 


(6) 


therefore 


a  =  0.301  Vr/8 


It  was  also  shown  at  this  time  that  the  effect  was  the  same 
whether  b  was  varied  by  change  of  temperature  or  change  of 


Pig.  2 

pressure.  The  range  of  5  in  these  experiments  was  from  0.6  to 
1.2,  between  which  limits  the  curve  between  b  and  g,,  though 
over  the  natural  range  of  5,  is  still  very  nearly  a  straight  line. 
Prom  (6),  the  form  of  which  was  predicted  from  theory,  the 
curve  shows  a  decided  bend  to  8  =  0  at  the  low  values  of  8. 

Experiments  were  later  made  over  the  wide  range  of  8  =  0.02 
to  8  =  1  in  order  to  check  equation  (6)  over  this  range  as  an 
additional  check  on  the  energy  theory.  The  visual  corona  point 
was  measured  on  polished  brass  rods  in  the  center  of  a  metal- 
lined  glass  cylinder.    See  Fig.  2. 

The  diameter  of  the  cylinder  was  7.36  cm.,  while  the  rod  di- 
ameters ranged  from  0.15  to  0.5  cm.  In  making  observations 
the  air  was  exhausted  from  the  tube  until  the  desired  pressure  was 
reached ;  voltage  was  then  applied  and  increased  until  the  starting 
point  of  corona  was  reached.     The  tube  was  "  aired  *'  out  before 

*Law  of  Corona  and  DieUciric  Strength  of  Air— II,  Teans.  A.  I.  £.  B. 
Vol.  XXXI.  1912.  p.  1061. 
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each  reading.  Some  of  the  results  of  experiments,  together  with 
values  calculated  from  the  equation  (6)  given  last  year,  are 
found  in  Tables  I,  II,  and  III.  The  results  are  shown  graphically 


TABLE  I 


DiAMBTSR  OF   BRASS  ROD   « 

0.508  CM.  *  0.2  IN.  (IN  7.36-CM.  Glass  Tubs  Covbrsd 

WITH  ' 

Pin  Pon.) 

fvmax. 

Pret. 

a 

fw- 

fonuiz. 

calculated 

abt. 
cm.hg. 

Volta 
read 

Temp, 
deg.  cent. 

3.92  6 

•v 

measured 

/      0.801\ 

273  +1 

rOog^U/r) 

kr.  per  cm. 

1.7 

1.392 

23 

0.0225 

2.046 

2.894 

8.47 

5.6 

3.150 

24 

0.074 

4.620 

6.54 

7.33 

5.85 

8.720 

18 

0.0788 

5.460 

7.72 

7.63 

8.8 

4.610 

24 

0.116 

6.780 

9.60 

9.90 

13.5 

6.580 

18 

0.182 

9.660 

13.68 

13.55 

16.0 

7.470 

18 

0.216 

10.960 

15.50 

15.27 

28.2 

11.390 

18 

0.38 

16.740 

23.66 

23.2 

38.1 

14.470 

18 

0.513 

21.260 

30.06 

29.1 

49.5 

17.700 

18 

0.667 

26,000 

38.60 

35.75 

61.5 

20.700 

18 

0.828 

30.400 

43.00 

42.7 

75.7 

24.535 

18 

1.019 

36.000 

50.92 

50.25 

in  Figs.  3, 4  and  6,  where  the  drawn  curves  are  calctdated,  and  the 
points  are  measured  values.  There  is  almost  exact  agreement 
throughout  the  range;  any  variation  from  the  curve  seems 
rather  to  be  due  to  experimental  error  in  reading  pressure. 
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^ 

I: 
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Fig.  3 — Corona  at  Low  Air  Densities 


It  is  interesting  to  note  that  with  two  polished  wires  and  the 
aid  of  the  equation 

0.301  _.„ 
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voltages  an3nvhere  may  be  measured  by  varying  the  spacing 
until  corona  starts  and  solving  for  e^  at  this  spacing. 

TABLE  II 
DiAMBTBK  OF  Bkass  Rod  -0.381  CM.  "O.IM  IN.  (iN  7.36-CM.  Glass  Tubs  Covbrbd  with 
Tin  Foil) 


fv  max. 

Pres. 

i 

f»- 

Cv  max. 

calculated 

mbs. 
cjn.hg. 

VolU 

KBd 

Temp. . 
deg.  cent. 

3.92  fr 

U 

measured 

/      0.301\ 

273 +< 

r  (log,  R/r) 

kv.  per  cm. 

5.33 

2.880 

27 

0.0697 

5.080 

7.19 

7.8 

10.7 

4.580 

24 

0.1412 

8.090 

11.45 

12.40 

11.3 

4.920 

27 

0.1463 

8.680 

12.28 

12.15 

19.3 

7.400 

27 

0.252 

13.060 

18.47 

18.58 

27.7 

9.550 

27 

0.362 

16.870 

23.85 

24.06 

36.6 

12.000 

27 

0.478 

21.200 

30.00 

29.60 

46.4 

14.450 

26 

0.6126 

25.500 

36.07 

35.70 

47.0 

14.600 

27 

0.614 

25.800 

36.50 

35.80 

65.7 

16.300 

27 

0.728 

28.800 

40.75 

40.75 

60.0 

17.760 

25.5 

0.792 

31.350 

44.30 

43.5 

66.0 

18.400 

27 

0.867 

32.500 

46.00 

46.75 

75.0 

21.100 

25 

0.997 

37.250 

52.7 

52.25 

Electric  Strength  op  Air  Films 
If  a  definite  amount  of  energy  is  necessary  to  start  rupture  at 
a  finite  distance  a  from  the  conductor,  with  a  surface  gradient  g., 


00 

U 

_^ 

~ 

>^^*^ 

WIRE  RADIUS  =0.1»05.  CM. 
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1      ,j,y^^ , 
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k^ 

y^ 
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S  ^ 

y 
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0 

^ 

1 

— 

A 

«.l        OJ        O        0.i         0.6        0.6        0.7 
^=3.92  6 
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Fig.  4 — Corona  at  Low  Air  Densities 


it  is  interesting  to  speculate  what  will  happen  at  very  small 
spadngs  or  when  the  distance  between  conductor  surfaces  is 
of  the  order  of  a.    See  Fig.  6. 


•Law  of  Corona  and  Dielectric  Strength  of  Air — //. 
Vol.  XXXI,  1912,  p.  1051. 
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As  the  free  **  energy  storage  "  or  '*  accelerating  distance  "  is  lim- 
ited, a  greater  force  or  gradient  should  be  required,  provided  the 
energy  theory  is  true,  when  the  distance  between  the  conductors 


TABLE  III 
diambtbr  of  brass  rod  «  0.254  cm.  «  0.1  in.  (in  7.30-cm.  glass  tubb  covbrbo  with 

Tin  Foil) 


fymax. 

Prei. 

i 

iv  - 

calculated 

«bi. 
cin.hg. 

VolU 
read 

Temp, 
deg.  cent. 

3.02  5 

ev 

iv  max. 
meaeiared 

/      0.301\ 

273  +t 

r(Xog^R/r) 

kv.  per  cm. 

4.9 

2.490 

22 

0.0651 

5.800 

8.20 

8.81 

7.4 

3,175 

21 

0.0987 

7.400 

10.45 

11.27 

10.3 

3,925 

21 

0.1373 

9,150 

12.03 

13.96 

23.7 

7.500 

21 

0.316 

17.470 

24.70 

24.54 

38.0 

10,600 

21 

0.507 

24,700 

34.90 

34.40 

49.0 

13.100 

20.5 

0.666 

30.530 

43.20 

42.00 

62.75 

15.550 

20.5 

0.838 

36,260 

51.30 

50.00 

76.5 

18,000 

20.0 

1.023 

42.000 

50.45 

58.25 

approaches  a  (see  Fig.  6  (6)  and  (c)).  Experiments  were  made  to 
determine  this,  using  spheres  as  electrodes.  The  ideal  electrodes 
for  this  purpose  would  be  concentric  cylinders,  but  the  use  of  these, 
as  well  as  parallel  wires,  at  small  spacing  seemed  impracticable. 
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Fig.  5 — Corona  at  Low  Air  Densities 


Spark-over  and  corona  curves  were  made  on  spheres  ranging  in 
diameter  from  0.3  cm.  to  50  cm.  and  spacings  from  0.0025  cm. 
to  50  cm.  This  discussion  applies  only  to  spacings  up  to  21? 
where  corona  can  not  yet  form. 
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In  these  tests  a  60-cycle  sine-wave  voltage  was  used.  For  the 
small  spacing,  the  spheres  were  placed  in  a  very  rigid  stand. 
One  shank  was  threaded  with  a  fine  thread,  the  other  was  non- 
adjustable.    In  making  a  set- 


■Qi 


H'Fa«o.3  \ 


(6) 


ting  the  adjustable  shank  was 
screwed  in  until  the  sphere 
surfaces  just  touched,  as  in- 
dicated by  completing  the 
circuit  of  electric  bell  and 
single  cell  of  dry  battery.  A 
pointer  at  the  end  of  the  shank 
was  then  locked  in  place, 
after  which  the  shank  was 
screwed  out  any  given  num- 
ber of  turns  or  fraction  of 
turns,  as  indicated  on  the 
stationary  dial.  For  larger 
spacings  other  stands  were  used.  Care  was  taken  that 
surrounding  objects  were  far  removed  from  the  spheres,  to  pre- 
vent distortion  of  the  field. 


V" 

h 


'     teas 

-^V  THAN  2  a 
C 


Fig.  6 


DIAL  POINTER 


Fig.   7 — Special  Spark-Gap  Stands  for  Spheres 


A  typical  spark-over-spacing  curve,  and  corona-spacing 
curve,  is  shown  in  Fig.  8.  Theoretically,  up  to  a  spacing  of  2  R, 
corona  cannot  form  and  spark-over  must  be  the  first  evidence 
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of  Stress,  or,  in  other  words,  corona  and  spark-over  are  the 
same.  Practically,  corona  cannot  be  detected  until  a  spacing 
of  8  JS  is  reached.  This  is  because  up  to  this  point  the  difference 
between  the  corona  starting  point  and  the  spark  point  is  very 
small.  Above  8  R  the  spark-over  curve  approaches  a  straight 
Une,  as  in  the  case  of  the  :aeedle  gap  curve.  The  corona  curve 
above  4  R  and  the  spark-over  curve  below  4  R  are  apparently  con- 
tinuous. The  gra<Uent  curve  Fig.  9  is  calculated  from  the  voltage 
curve  Pig.  8.  Where  the  spacing  X  is  less  than  0.54  y/R  the 
gradient  increases  slowly  at  first  and  then  very  rapidly  with  de- 
creasing spacing.  Between  X  =  0 .54  v^and  2  R  the  gradient 
is  very  nearly  constant.  Above  about  3  R  spacing  the  gradient 
apparently  increases.     This  apparent  increase  is  probably  due 
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to  the  effect  of  the  shanks,  etc.,  which  becomes  greater  as  X  is 
increased.  The  effect  of  the  shanks  is  to  distribute  the 
flux  better  on  the  sphere  surface,  and  can  not  be  taken  account  of 
in  the  equation  for  gradient.  This  was  shown  experimentally  by 
using  different  sizes  of  shanks  at  the  larger  spacing.  Thus  when 
the  spacing  is  greater  than  3  R  the  sphere  is  not  suitable  for 
studying  the  strength  of  air,  as  the  gradient  can  not  conveniently 
be  calctdated.  It  is,  therefore,  not  a  suitable  electrode  for  study- 
ing corona  over  any  great  range. 

The  maximum  gradient  at   the   surface  of  a  sphere,  (non- 
grounded),  may  be  calculated  from  the  equation 
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■f 
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Where  X  is  the  spacing  between  the  nearest  surfaces  of  the  spheres, 
and  £  the  voltage 


When  one  sphere  is  grounded  the  gradient  is  theoretically: 

E    , 


g 


where 


/-^li-W(i-)'+4 


Practically,  however,  the  effects  of  the   shanks,   etc.,   for  the 
grounded  case  require  a  value    ^ 
/o  which  we  have  determined 
experimentally.      The    case    of    «•• 
one  sphere  grounded  is  not  con- 
sidered here. 
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Fig.  10 — For  Non-Grounded  Spheres 


The  gradient  for  the  non-grounded  case  may  be  conveniently 
calculated  by  use  of  the  curve  Fig.  10.  The  gradient  on  the  line 
connecting  sphere  centers  at  any  distance  a  from  the  sphere 
surface  may  be  calctdated  from  the  complicated  equation 

p    ^     £    i2a^[:t>(/-H)-f4(j:/2-a)«(/-l)l)t 

^'        X    \    \y?  (/  +.  1)  -  4  {XI2  -^ayU-  DP     '        ^^ 

•Sec  G.  R.  Dean,  G.  E,  Review  March,  1913.  lL\x9i3e\^Philo5ophical  Mag. 
1906. 

tG.  R.  Dean— -G.  E,  Review,  March,  1913.  Physical  Review^  Dec. 
1912  and  April  1918.  ^„_..  .,  GoOglc 
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Some  of  the  experimental  values  are  given  in  Tables  IV,  V, 
VI,  VII,  VIII,  IX.  Typical  voltage  gradient  curves  are  shown 
in  Figs.  11,  12,  13  and  14. 


TABLE  IV 

Stbbl  Sphbkb  R  -  0.158 

CM.     DiAM.   - 

1/8   IN. 

X-Spadng 

v/ 

« 

^tnax 

tmax 

m. 

cm. 

kv. 
read 

3.92  ft 
273  +/ 

•max 

R 

X        ^ 

kv.  COIT. 

kv.  per  cm. 

0.001 

0.00254 

0.358 

1.009 

0.502 

199.0 

0.01598 

0.002 

0.00508 

0.515 

1.009 

0.722 

143.5 

0.03196 

0.003 

0.00762 

0.646 

1.009 

0.907 

121.0 

0.04794 

0.004 

0.01016 

0.770 

1.000 

1.089 

109.5 

0.06392 

0.005 

0.0127 

0.9235 

0.9985 

1.3085 

105.7 

0.0799 

0.010 

0.0254 

1.440 

0.997 

2.045 

85.0 

0.1598 

0.020 

0.0508 

2.150 

0.984 

3.090 

67.5 

0.3196 

0.040 

0.1016 

3.475 

0.984 

5.000 

60.2 

0.6392 

0.076 

0.1905 

5.840 

0.9965 

8.300 

62.75 

1.1986 

0.100 

0.254 

7.065 

0.9965 

10.035 

63.4 

1.598 

0.200 

0.508 

10.545 

0.9840 

15.170 

68.85 

3.195 

0.300 

0.762 

12.070 

0.992 

17.200 

68.8 

4.793 

0.400 

1.016 

13.465 

0.9965 

19.135 

71.95 

6.39 

0.600 

1.27 

14.245 

0.9965 

20.14 

73.075 

8.00 

TABLE  V 
Stbbl  Spbbrbs  R  ■>  0.555  cm.    Diam.  «  7/16  in. 


X-Spftcing 

v/ 

i 

hnax 

^max 

in. 

cm. 

kv. 

read 

3.92  ft 
273  +< 

^2"(V/.) 
i 

•max 

R 

X       ^ 

kv.  COXT. 

kv.  per  cm. 

0.001 

0.00254 

0.384 

0.995 

0.545 

215.3 

0.00458 

0.002 

0.00508 

0.546 

0.995 

0.775 

163.0 

0.00916 

0.003 

0.00762 

0.692 

0.995 

0.982 

129.4 

0.01374 

0.004 

0.01016 

0.787 

0.9995 

1.1125 

110.25 

0.01832 

0.005 

0.0127 

0.847 

0.9995 

1.209 

96.0 

0.0229 

0.010 

0.0254 

1.160 

0.993 

1.653 

66.1 

0.0458 

0.020 

0.0508 

2.030 

0.993 

2.895 

58.7 

0.0916 

0.040 

0.1016 

3.430 

0.993 

4.890 

51.2 

0.1832 

0.075 

0.1905 

5.750 

0.993 

8.200 

48.2 

0.344 

0.100 

0.254 

7.160 

0.986 

10.280 

46.9 

0.458 

0.200 

0.508 

12.400 

0.986 

17.800 

46.4 

0.916 

0.300 

0.762 

17.000 

0.992 

24.250 

48 

1.374 

0.400 

1.016 

20.500 

0.992 

29.250 

49 

1.832 

0.500 

1.270 

23.400 

0.992 

33.400' 

49.7 

2.29 
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.TABLE  VI 
Bkass  Sphbilbs  R  ■>  1.27  cm.    0iam. 


•  1  IN. 


X-Spadng 

'^ 

i 

•max 

'max 

3.02  6 

in. 

cm. 

kv. 

read 

273  +1 

"^iUff.) 

•max 

X 

6 

X       ^ 

R 

kv.  corr. 

kv.  per  cm. 

0.001 

0.00254 

0.387 

1.01 

0.542 

213.4 

0.002 

0.002 

0.00508 

0.008 

1.01 

0.852 

168.0 

0.004 

0.003 

0.00702 

0.712 

1.01 

0.008 

131.0 

0.006 

0.004 

0.01016 

0.757 

1.01 

1.060 

104.7 

0.008 

0.005 

0.0127 

0.808 

1.01 

1.132 

89.5 

0.01 

0.010 

0.0264 

1.310 

1.0005 

1.836 

72.72 

0.02 

0.020 

0.0508 

2.160 

1.011 

3.020 

60.25 

0.04 

0.040 

0.1016 

3.520 

1.005 

4.950 

50.0 

0.08 

0.076 

0.1905 

5.680 

1.005 

8.000 

44.0 

0.15 

0.100 

0.254 

7.120 

1.005 

10.020 

42.25 

0.20 

0.200 

0.508 

12.670 

1.005 

17.81 

39.9 

0.40 

0.800 

0.762 

18.00 

1.005 

25.34 

40.2 

0.60 

0.400 

1.016 

22.87 

1.008 

32.35 

40.75 

0.80 

0.475 

1.205 

26.15 

1.008 

36.70 

41.1 

0.95 
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TABLE  VII 
Brass  Sphbkks  R  ■>  8.83  cm.    Diam.  —  2|  in. 


X-SlMCillg 

*«ff 

i 

hnax 

Imax 

3.02  6 

in. 

cm. 

kv. 

read 

273  +1 

"^  (V/.) 

'max 

X 

i 

X       ^ 

R 

kv.  COfT. 

kv.  percm. 

0.001 

0.00246 

0.3625 

1.0286 

0.4076 

196.06 

0.000763 

0.002 

0.00608 

0.631 

1.0306 

0.7296 

143.66 

0.001626 

0.003 

0.00762 

0.664 

1.027 

0.8996 

118.16 

0.002286 

0.004 

0.01016 

0.7766 

1.0266 

1.0686 

106.2 

0.00306 

0.006 

0.0127 

0.8447 

1.0166 

1.1717 

92.312 

0.00382 

0.010 

0.0264 

1.070 

0.008 

1.618 

60.0 

0.00764 

0.020 

0.0608 

1.867 

1.002 

2.620 

61.8 

0.01628 

0.040 

0.1016 

3.276 

1.002 

4.620 

46.96 

0.03066 

0.076 

0.1006 

6.430 

1.002 

7.660 

41.0 

0.06730 

0.100 

0.264 

6.920 

1.002 

9.770 

39.6 

0.0764 

0.200 

0.608 

12.400 

1.002 

17.600 

36.26 

.  0.1628 

0.300 

0.762 

17.700 

1.002 

26.000 

36.4 

0.2292 

0.400 

1.016 

22.700 

1.002 

32.000 

34.8 

0.3066 

0.600 

1.27 

27.760 

1.002 

39.2000 

34.96 
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Brass  Sphbrbs  R 


TABLE  VIII 
>  6.25  CM.    DiAM.  «  4  15/16  in. 


jr-SiMkcing 

'^ 

< 

Hhox 

*max 

3.02  6 

in. 

cm. 

kv. 
read 

273  +1 

'^  i'iff.) 

•ma. 

X 

a 

X       ^ 

R 

kv.  corr. 

kv.  percxn. 

0.001 

0.00254 

0.378 

0.003 

0.538 

212.0 

0.000406 

0.002 

0.00508 

0.475 

0.002 

0.678 

133.3 

0.000812 

0.003 

0.00762 

0.500 

0.002 

0.841 

110.4 

0.00122 

0.004 

0.01016 

0.710 

0.006 

1.008 

00.3 

0.00162 

0.005 

0.0127 

0.833 

1.006 

1.1605 

02.1 

0.00203 

0.010 

0.0254 

1.230 

1.008 

1.725 

68.0 

0.00406 

0.020 

0.0508 

1.02 

1.021 

2.660 

52.5 

0.00812 

0.040 

0.1016 

3.20 

1.010 

4.57 

45.2 

0.01624 

0.075 

0.1005 

5.55 

1.010 

7.72 

40.0 

0.03042 

0.100 

0.254 

7.02 

1.022 

0.72 

38.8 

0.0406 

0.200 

0.508 

12.53 

1.022 

17.35 

35.1 

0.0612 

0.800 

0.762 

17.73 

1.022 

24.55 

33.62 

0.1218 

0.400 

1.016 

22.0 

1.021 

31.70 

33.0 
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0.500 
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TABLE  IX 
Bkass  Sfhbkbs  R  •"  12.5  cm.    Diam.  ■•  0.S4 


X-SpAcing 

v/ 

i 

tfUMX 

Chmw 

in. 

cm. 

kv. 
read 

3.92  ft 
273 +r 

^2    (V/.) 

•max 

X 

R 

X       ^ 

kv.  eon. 

kv*  per  cm. 

0.005 

0.0127 

0.8076 

1.0226 

1.1156 

87.9 

0.00101 

'     0.010 

0.0254 

1.22 

1.021 

1.689 

66.53 

0.00203 

'     0.020 

0.0506 

2.0506 

1.0313 

2.8396 

55.9 

0.00406 

0.040 

0.1016 

3.3876 

1.0223 

4.683 

46.2 

0.00813 

0.100 

0.254 

7.026 

1.020 

9.750 

38.61 

0.02032 

1     0.200 

0.508 

12.54 

1.0116 

17.445 

34.82 

0.04064 

1     0.300 

0.762 

17.91 

1.016 

24.92 

33.5 

0.06096 

0.400 

1.016 

22.825 

1.0103 

31.765 

32.05 

0.06128 

0.500 

1.27 

27.63 

1.0103 

38.67 

31.53 

0.1016 

1.000 

2.54 

53.0 

1.000 

74.9 

31.6 

0.2032 

1.500 

3.81 

75.3 

1.000 

106.3 

30.9 

0.8048 

2.000 

5.08 

96.4 

1.000 

136.2 

30.5 

0.4064 

2.500 

6.35 

117.4 

1.000 

166.0 

30.7 

0.5080 

3.000 

7.62 

139.2 

1.000 

196.9 

31.2 

0.6096 

8.500 

8.89 

158 

1.000 

223.4 

31.3 

0.7112 

4.000 

10.16 

174.9 

1.000 

247 

31.0 

0.8128 

4.500 

11.43 

190.8 

1.000 

269.5 

31.0 
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TABLE  X 


Spacing  cxn. 

is  max.  kv.  per  cm. 

R*ditt8  cm. 

X 

Constant  part  of 

Average  between 

R 

Where  gg  begins  to 
increase 

curve 

0.6^and3Jl 

0.160 

0.18 

63.8 

0.388 

0.26 

65.6 

0.366 

0.20 

61.4 

0.666 

0.40 

46.0 

1.27 

0.61 

30.0 

42.6 

2.64 

0.86 

36.8 

38.4 

3.83 

0.06 

34.8 

37.1 

6.26 
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Pig.  16 — Plotted  prom  Table  X 


Pig.  16 — Plotted  from  Table  X 


In  Table  X  are  tabulated  for  different  sizes  of  spheres  the 
spark-over  gradients  at  constant  part  of  curve,  the  average 
gradients  between  X  =  0.54  V^  and  X  =  3  i?,  and  the  ap- 
proximate minimum  spacing  at  which  the  gradient  begins  to 
increase  in  value.  The  gradient-radius  curve  is  plotted  in  Pig. 
15.    This  curve  is  very  closely  given  by  the  equation 


'•( 


1  + 


(8) 


which  has  exactly  the  same  form  as  the  similar  curve  for  cylin- 
ders.   The  values  of  g©  is,however,  lower  than  for  the  balanced  field 

of  a  wire  in  a  cylinder. 

•This  is  given  for  theoretical  reasons  rather  than  for  exact  practical  i[g 
calculations.  ^  ^ 
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For  a  wire  in  a  cylinder  go  »  31 
For  parallel  wires  ^ o  ==  30 

For  spheres  g©  =  27  -  28 

It  is  probable  that  the  true  strength  of  air  is  31  kv.  per  cm. 
as  represented  by  the  balanced  field;  it  is  apparently  less  for 
parallel  wires  due  to  unbalanced  field,  and  the  apparent  value  is 
still  less  for  spheres  where  the  field  is  unbalanced  to  a  still  greater 
extent. 

The  curve  between  the  sphere  radius  and  the  approximate 
minimum  spacing  below  which  the  gradient  begins  to  increase 
is  plotted  in  Fig.  16  from  Table  X.  The  curve  is  represented 
by  the  equation 

X^0.5^Vr  (9) 
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Pig.  17 — Calculation  of  Gradient  bbtwbbn  Sphbres 


which  means  that  when  the  spacing  is  less  than  0.54  V^the 
gradient  increases  in  value,  at  first  slowly,  then  very  rapidly. 

It  is  now  interesting  to  investigate  the  meaning  of  equation 
(8) .  In  Figs.  17  and  18  the  exact  gradient  is  plotted  from  equation 
(7)  for  different  distances  from  the  sphere  surface  on  the  line 
connecting  the  centers,  and  at  given  spadngs,  as  indicated  by 
the  small  diagram  in  the  upper  comer  of  the  figure. 

It  is  seen  that  for  small  distances  from  the  sphere  surface  the 
curves  for  the  different  spacings  fall  together.  Over  this  small 
range  the  gradient  ga  at  any  point  a  cm.  from  the  sphere  surface 
on  the  center  line  may  be  found 
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The  only  excuse  for  using  this  approximation,  which  holds 
only  for  very  small  values  of  a  and  is  only  true  when  a  —  0, 
is  that  (7)  is  too  complicated  to  handle.  The  error  due  to  this 
approximation  is  shown  in  Table  XL     Then 


Exact  mathematical 


(6) 


X^     ^R   \  xH 

go  (l  +  ~7=)  Experimental  for  approximately  constant 
\        y/Rf       part  of  curve.  (8) 

K       /  R      \ 
(R4'2   ^  \~~y^^J  Approximate  mathematical  (10) 
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Pig.    18 — Calculation  of  Gradient  Between  Spheres 


Equating  equations  (6)  and  (8) 

^(4/)-('  +  ;^) 

which  is  the  same  form  as  (10),  or  which  means  that  at  a  distance 


kV^      0,5AVr 


0.27v^cm. 
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from  the  sphere  surface  the  gradient  at  rupture  is  always  approxi- 
mately constant,  and  is  g^^  Breakdown  must  take  place  at  ap- 
proximately a  =  0.27  Vn  cm.  from  the  sphere  surface;  there- 
fore at  the  spacing  2a  =  0 .  54  V^  the  gradient  begins  to  increase. 
This  is  approximately  so,  as  shown  in  Pig.  16  and  equation  (10). 
The  increase  is  slow  at  X  =  2a  but  becomes  very  rapid  at  X**  a. 
Looking  at  Pig.  17,  it  is  seen  that  at  a  =  0.27  y/R  the  gradient 


TABLE  XI 
X  •"  1 .  27  cm. 


Bnbrgy  Distance  a   •- 

0.27  ^R  -0.3  cm. 

a 

fd 

ia 

X 

Exact 

Approx. 

1 

0 

39.0 

39.9 

0.76                ' 

0.1 

84.6 

84.0 

0.76                1 

0.2 

31.9 

80.0 

0.76                ' 

0.4 

29.7 

24.1 

0.76               1 

1 

0 

39.9 

39.9 

1 

0.1 

34.2 

33.4 

1.21 

0.2 

80.6 

29.5 

1.21                1 

0.4 

28.5 

23.7 

1.21                1 

R  -12. 

5  cm. 

1 

Bnbrgy  Distan 

CB  a  •"  0.95  cm. 

0 

31.3 

31.3 

4 

0.2 

80.3 

30.3 

4 

0.4 

29.6 

29.4 

4 

0.0 

28.8 

28.6 

4 

0.8 

28.8 

27.7 

4                  ' 

1.0 

27.6 

26.9 

4                  1 

0 

31.3 

31.3 

10                  1 

1                  0.2 

30.3              1               30.3 

10 

0.4 

29.6               ,               29.4 

10 

1                  0.0 

<      28.8               1               28.7 

10               1 

0.8 

28                   1               27.7 

10                  1 

1                  1.0 

27.5              1               26.9 

10                 1 

is  not  exactly  constant  for  different  spacings;  that  is,  the  curves  do 
not  fall  together.  This  means  that  g,  and  k  in  equation  (8)  can- 
not be  exactly  constant  for  a  given  radius  but  must  also  be  a 
function  of  Jf  .♦    This  is  experimentally  shown  to  be  the  case. 

Application  of  the  Electron  Theory 
The  electron  theory  may  also  be  very  well  applied  in  agree- 
ment with  the  above,  as  has  been  already  pointed  out.     Briefly: 
When  low  potential  is  applied  between  two  conductors  any 


•See  footnote  page  1781. 
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free  ions  at  the  surface  are  set  in  motion.  As  the  potential  and, 
therefore,  the  field  intensity  or  gradient  is  increased,  the  velocity 
of  the  ions  increases.  At  a  gradient  of  ^o  =  31  kv.  per  cm. 
(6  =  1)  the  velocity  of  the  ions  becomes  sufficiently  great  over 
the  mean  free  path  to  form  other  ions  by  collision  with  molecules. 
This  gradient  is  constant,  and  is  called  the  dielectric  strength 
of  air.  When  ionic  saturation  is  reached  at  any  point  the  air  be- 
comes conducting,  and  glows,  or  there  is  corona  or  spark. 

Appljring  this  to  a  wire  in  the  center  of  a  cylinder.  When  a 
gradient  gv  is  reached  at  the  wire  surface  any  free  ions  are  accel- 
erated and  produce  other  ions  by  collision  with  molecules,  which 
are  in  turn  accelerated.  The  ionic  density  is  thus  gradually 
increased  by  successive  collision  until  at  0.301  VTcm.  from  the 
wire  surface,  where  j^o  "=  31,  ionic  saturation  is  reached,  or  corona 
starts.  The  distance  0 .  30 1  Vr  cm.  is  of  course  many  times  greater 
than  the  mean  free  path  of  the  ion  and  many  collisions  must 
take  place  in  this  distance.  Thus  corona  cannot  form  when  a 
gradient  of  ^o  is  reached  at  the  stirface  of  the  wire,  as  at  any 
distance  from  the  surface  the  gradient  is  less  than  g^. 

The  gradient  at  the  surface  must,  therefore,  be  increased  to  gv 
so  that  the  gradient  a  finite  distance  away  from  the  surface 
(0.301  VTcm.)  is  ^0-  This  amounts  to  the  same  thing  as  saying 
that  energy  is  necessary  to  start  corona,  as  explained  above. 

The  complete  expression  for  g^  at  different  air  densities  is 

This  means  that  goi  the  strength  of  air,  varies  directly  with  6. 
gv9  however,  cannot  vary  directly  with  h  because,  with  the  greater 
mean  free  path  of  the  ion  at  lower  air  densities,  a  greater  "  ac- 
celerating ",_or  energy,  distance  is  necessary.  In  the  equation 
a  =  0.30lVr/5,  that  is,  a  increases  with  decreasing  6. 

When  the  conductors  are  placed  so  close  together  that  the  free 
accelerating,  or  energy  storage,  distance  is  interfered  with,  the 
gradient  g^  must  be  increased  in  order  that  ionic  density  may  be 
reached  in  this  limited  distance.  This  is  shown  experimentally 
by  sphere-gap  tests. 
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AN  OSCILLOGRAPH  STUDY  OF  CORONA 


BY  EDWARD  BENNETT 


Introduction 

In  the  investigations  which  have  heretofore  appeared,  dealing 
with  the  formation  of  corona  around  high-tension  wires,  the  effect 
of  the  corona,  or  the  partial  breakdown  of  the  air,  on  the  charging 
current  of  the  wires  has  not  been  determined  by  direct  experi- 
mental methods.  Oscillograms  of  the  charging  current  of  a 
conductor  surrounded  by  corona  not  only  afford  a  check  on  con- 
clusions arrived  at  by  independent  methods  of  observation,  but 
also  throw  additional  light  on  the  nature  of  the  failure  of  the  air 
arotmd  the  conductor. 

Three  methods  of  using  the  oscillograph  to  determine  the  wave    . 
form  of  the  charging  current  of  a  wire  present  themselves. 

1 .  The  oscillograph  may  be  connected  between  the  wire  and 
the  high-tension  transformer  which  charges  the  wire. 

2 .  The  wire  may  be  surrounded  by  a  metal  cylinder  insulated 
from  earth,  and  the  displacement  from  the  wire  may  be  collected 
by  this  cylinder  and  sent  to  earth  through  the  oscillograph  as 
shown  in  Fig.  1. 

3 .  The  wire  may  be  surrounded  by  an  insulated  metal  cylinder 
as  in  the  second  method,  but  in  this  case  the  wire  is  connected  to 
earth  through  the  oscillograph,  while  the  metal  cylinder  is  main- 
tained at  the  high  potential. 

The  first  method  involves  either: 

a .  The  use  of  a  current  transformer  with  insulation  between 
primary  and  secondary  sufficient  to  withstand  the  potential 
between  wire  and  earth  and  with  the  primary  supplied  by  the 
charging  current  of  at  least  several  thousand  feet  of  wire;  or^^Tp 
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b .  The  connection  of  the  vibrator  of  the  oscillograph  directly 
in  the  high-tension  line,  and  therefore  the  insulating  of  the 
entire  oscillograph  from  earth.  Neither  of  these  alternatives  is 
very  satisfactory. 

The  third  method  is  very  similar  to,  and  has  most  of  the 
advantages  of  the  second  method,  which  is  discussed  at  length 
hereafter.  The  third  method  is,  however,  not  quite  as  conven- 
ient to  use  in  crowded  quarters  as  is  the  second. 

Second  Method,  In  collecting  the  charging  current  of  the  wire 
by  a  metal  cylinder,  as  in  the  second  method,  it  is  to  be  noted  that 
an  oscillograph  of  the  type  used  requires  a  current  of  from  0 .  05  to 
0.08  peak  amperes  per  centimeter  deflection  of  the  spot  of  light. 
The  charging  current  of  a  wire  0 . 5  cm.  in  diameter  at  the  voltage 
at  which  corona  is  visible  is  only  0 .054  r.m.s.  amperes  per  1000  ft. 
(300  m.)  at  a  frequency  of  60  cycles.  Therefore  if  the  charging 
ciurent  of  the  wire  is  passed  directly  through  the  vibrator  of  the 
oscillograph,  it  will  require  at  least  400  ft.  (120  m.)  of  wire  and 
enclosing  cylinder 'to  furnish  enough  current  for  satisfactory  de- 
flections. If,  however,  as  shown  in  Fig.  2,  a  current  transformer 
with  a  primary  to  secondary  current  ratio  of  1  to  100  be  inter- 
posed between  the  collecting  cylinder  and  the  vibrator  of  the 
oscillograph,  satisfactory  oscillograms  of  the  charging  current 
may  be  obtained  with  a  length  of  wire  and  cylinder  of  only  10  ft. 
(3  m.).  With  this  arrangement  the  conditions  surrounding  the 
wire  may  be  easily  varied  and  controlled.  For  example,  the  wire 
may  be  readily  cleaned  or  polished,  or  the  cylinder  may  be  closed 
at  both  ends  and  partially  exhausted.  The  oscillograms  herein 
contained  were  obtained  by  the  use  of  a  collecting  cylinder^  and 
current  transformer  as  outlined  above. 

This  paper  contains: 

a .  A  description  of  this  method  and  the  apparatus  used  for 
obtaining  oscillograms  showing  the  form  of  the  charging  current 
of  a  10-ft.  (3-m.)  length  of  wire  at  potentials  below  and  above  the 
corona  voltage. 

b .  A  series  of  oscillograms  taken  with  the  apparatus  under  vary- 
ing air  pressures  and  varying  voltages  on  different  conductors. 
These  oscillograms  show  the  marked  asymmetry  in  the  current 
after  corona  forms,  the  relation  between  power  loss  and   im- 

1 .    Much  of  the  apparatus  used  in  this  work  has  been  prepared  by  G.  B. 

Blake,  C.  R.  Higson  and  B.  E.   Miller  in  preliminary  work  along  this 

line.    In  the  experimental  work  great  assistance  has  been  rendered  by  B. 

E.  Miller  and  L.  E.  A.  Kelso.  r^^^^T^ 
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pressed  voltage,  the  start  of  corona  after  switching,  the  voltage 
at  which  ionization  sets  in,  the  marked  difference  in  the  results 
at  high  and  low  air  pressures,  etc. 

II — Method  and  Apparatus 
To  obtain  oscillograms  of  the  charging  current  of  a  short 
length  of  wire,  the  circuits  and  apparatus  represented  in  Fig.  2 


/METAL  CVUNDER 


Hj-.tflAMPORMEl^ 


/06CILLOQRAP4 
JigC^     YI8RATQB 


Fig.   1 — Method    of    Obtaining    Oscillograms    of   the    Charging 
Current  of  a  Wire 

were  used.  In  this  figure,  W  is  the  wire  whose  charging  current 
oscillogram  is  desired.  This  wire  is  stretched  along  the  axis  of  the 
metal  cylinder  C  and  is  held  taut  by  the  spring  5.  Two  different 
cylinders  were  used  at  different  times  during  the  tests:  an  8- 
in.  iron  pipe  20.6  cm.  in  diameter  by  518  cm.  long,  and  a 
cylinder  of  galvanized  iron  wire  mesh.    The  galvanized  mesh 


-A 


riri        ^ 
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Fig.  2 — Connections  for  Oscillograms  of  the  Charging  Current 

OF  A  Wire 


wire  was  0.112  cm.  in  diameter,  the  mesh  was  1 .27  cm.  square; 
the  diameter  of  the  mesh  cylinder  was  36.8  cm.  and  the  length 
311  cm.  Grounded  end  shields  A,  60  cm.  long,  were  used  at 
each  end  of  the  mesh  cylinder.  No  shields  were  used  with  the 
iron  pipe. 
The  wire  W  was  connected  to  one  terminal  of  the  high-tension 
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winding^ofJa^SO-kv.,  20-kw.  transformer.  T.^the  other  terminal 
of  which  was  grounded.  The  voltage  impressed  on  the  primary 
was  regulated  by  an  induction  regulator.  5  is  a  bank  of  Leyden 
jars  so  adjusted  with  respect  to  the  air-core  inductance  P.I. 
inserted  in  the  primary  that  the  circuit  offers  a  much  higher 
impedance  to  any  harmonics  in  the  generator  voltage  than  to  the 
fundamental.  This  serves  to  sift  out  all  harmonics  in  the 
generator  wave  form  and  to  impress  a  pure  sine  voltage  between 
wire  and  ground.  The  potential  across  the  primary  of  the  trans- 
former is  recorded  by  the  oscillograph  vibrator  E. 

The  charging  current  of  the  wire  W,  in  other  words  the  current 
from  the  wire  to  the  cylinder,  is  sent  to  ground  through  the 
primary  of  a  current  transformer  C.T.  the  secondary  of  which  is 
connected  to  the  oscillograph  vibrator  /  which  records  the  cur- 
rent wave  form.  The  current  transformer  is  necessary  because  the 
current  from  wire  to  cylinder  is  of  the  order  of  half  a  milliampere 
while  the  vibrator  /  requires  50  milliamperes  for  a  satisfactory 
deflection. 

Frequency,  All  oscillograms  and  measurements  were  obtained 
at  a  frequency  of  60  cycles  per  second. 

Current  Transformer.  The  current  transformer  is  arranged  for 
ratios  of  transformation  of  approximately  100,  200  and  600. 
At  60  cycles  with  the  100  to  1  connection, the  ratio  of  the  second- 
ary to  primary  current  is  98 . 9  to  1  and  the  secondary  current  leads 
the  primary  current  by  1 .3  degrees.  With  the  200  to  1  connec- 
tion the  ratio  of  secondary  to  primary  current  is  194.6  to  1  and 
the  secondary  leads  the  primary  by  3  degrees.  The  constants  of 
the  transformer  for  all  harmonics  as  high  as  the  15th  are  as 
good  as  the  above  constants. 

The  resistance  of  the  transformer  and  vibrator  reduced  to  the 
primary  is  19850  ohms,  and  the  60-cycle  leakage  reactance  is 
4800  ohms.  The  vibrator  /  used  in  the  secondary  of  the  current 
transformer  is  a  modified  vibrator  having  only  one  half  the  length 
of  silver  of  the  standard  vibrator  and  a  resistance  of  0.6  ohms. 

To  show  the  faithfulness  with  which  harmonics  are  reproduced 
in  the  secondary  of  the  current  transformer,  oscillogram  194 
(Fig.  14)  is  here  reproduced.  This  oscillogram  was  obtained  by 
using  the  Fig.  2  connection  with  the  following  modifications.  The 
inductance  P.I.  was  omitted  and  the  charging  current  of  the  con- 
denser B  was  passed  directly  through  the  third  vibrator  P  of  the 
oscillograph  by  connecting  the  vibrator  in  the  circuit  between  B 
and  ground. 
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The  curve  P  was  traced  by  the  vibrator  P  and  the  curve  5  by 
the  vibrator  in  the  secondary  of  the  current  transformer.  Below 
the  corona  voltage,  the  charging  current  of  the  condenser  B  and 
of  the  wire  in  the  cylinder  C  should  have  the  same  wave  forms; 
any  appreciable  errors  introduced  by  the  current  transformer 
should  cause  an  appreciable  difference  in  the  shapes  of  the  cur- 
rent wave  forms  P  and  5.  An  inspection  of  the  oscillogram  shows 
that  harmonics  in  the  primary  of  the  current  transformer  are 
accurately  reproduced  in  the  secondary. 

Sifting  Out  the  Harmonics  in  the  Generator  Voltage.  The  volt- 
age of  the  generator  from  which  power 
was  obtained  contains  high  harmonics 
of  such  small  amplitude  that  they  can 
just  be  detected  in  oscillograms  of  the 
voltage  wave  form.  In  the  charging 
current  of  the  wire,  however,  these 
harmonics  are  amplified  to  such  an 
extent  that  they  entirely  mask  the 
effect  of  the  first  stages  of  corona 
formation.  The  record  of  the  oscillo- 
grams is  far  more  intelligible  if  the 
harmonics  are  all  sifted  out,  so  that 
the  effect  of  the  corona  is  super- 
imposed on  a  pure  sine  curve.  This 
was  accomplished  as  previously  stated 
by  proportioning  the  reactances  of  the 
bank  of  Leyden  jars  B  and  the  air- 
core  inductance  P.L  in  the  trans- 
former primary  so  that  the  harmonics 
would  all  be  consumed  in  the  in- 
ductance, P.I.     Fig.  3  is  a  schematic 
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Fig. 


3 — Constants  of  the 
Circuits 

Resistances  and  reactances  are  ex- 
pressed in  megohms,  all  reduced  to 
the  high-tension  circuit:  frequency 

diagram  showing  the  constants  of  the  ^  *=y^*«»- 
circuit  consisting  of  the  high-tension  transformer  with  the  con- 
densers and  inductance  for  sifting  out  the  harmonics.  All  resist- 
ances and  reactances  are  reduced  to  the  high  tension  circuit  and 
are  expressed  in  megohms.  Oscillograms  177  to  181  are  intended 
to  contrast  the  results  obtained  with  and  without  sifting  out  the 
harmonics.  These  oscillograms  were  all  obtained  with  the  Fig.  2 
connections  using  a  polished  copper  wire  0 .  227  centimeters  in 
diameter  and  an  iron  pipe  20 . 6  centimeters  in  diameter.  Corona 
was  visible  around  the  wire  at  18  kv.  Oscillograms  180  and  181 
were  taken  without  the  condenser  B  and  the  inductance  P./., 
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below  and  above  the  corona  voltage  respectively.  It  is  impossible 
to  detect  the  harmonics  in  the  e.m.f .  wave  form,  but  they  render 
the  current  wave  form  so  jagged  that  the  details  brought  out  in 
oscillogram  178  would  be  lost.  Oscillograms  177  to  179  were 
obtained  with  the  harmonics  sifted  out. 

High-Tension  Transformer-Phase  Relations  of  Primary  and 
Secondary  Voltages,  Since  the  voltage  recorded  on  all  oscillo- 
grams is  the  voltage  impressed  on  the  primary  of  the  step-up 
transformer  it  is  necessary  to  determine  the  phase  relation 
between  the  primary  and  the  high-tension  voltage.  The  high- 
tension  transformer  is  a  20-kw.  50-kv.  transformer  which  through- 
out the  tests  was  coimected  for  a  ratio  of  transformation  of  250 
to  1.  The  high-tension  full  load  current  of  this  transformer  is 
0.4  amperes.    The  charging  current  of  the  condenser  B  and  the 
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Fig.    4 — Diffbrbntial    Connbctions   for 

CURRBNT 


Eliminating    Charging 


wire  W  is  the  only  current  delivered  by  the  transformer.  The 
charging  current  of  the  wire  is  about  1/200  of  the  charging  cur- 
rent of  the  condenser  or  is  negligible  in  comparison.  The  capac- 
ity of  the  condenser  B  was  varied  within  narrow  limits  during 
the  tests  but  was  generally  kept  at  7.3  X  10"*  farads.  At  60 
cycles  and  50  kv.  the  charging  current  of  this  capacity  is  0 .  14 
amperes  or  only  35  per  cent  of  the  full  load  current  of  the  trans- 
former. Since  at  full  load  the  resistance  and  the  reactance  drops 
of  the  transformer  are  2 . 3  per  cent  and  3 . 5  per  cent  respectively, 
it  follows  that  the  high-tension  voltage  leads  the  primary  or 
recorded  voltage  by  0.5  degrees  and  is  1 .2  per  cent  higher  than 
the  no-load  voltage. 

Since  the  current  in  the  secondary  of  the  current  transformer, 
— and  through  the  current  vibrator — ^leads  the  current  in  the 
primary  of  the  transformer — the  true  charging  current, —  by 


Digitized  by 


Google 


19131  BENNETT:  CORONA  1793 

1 .3  deg.,it  follows  that  the  phase  relation  of  current  to  voltage 
as  recorded  on  the  oscillograms  is  correct  to  within  one  degree. 
To  get  the  correct  relations  the  voltage  wave  should  be  advanced 
by  0.8  degree. 

Differential  Connection  for  Eliminating  the  Charging  Current. 
At  voltages  slightly  higher  than  the  voltage  at  which  corona  forms 
arotmd  a  wire,  the  effect  of  ionization  on  the  current  wave  form 
can  be  shown  to  better  advantage  by  neutralizing  the  charging 
current  of  the  wire  in  the  manner  shown  in  Fig.  4. 

The  connections  of  Fig.  4  differ  from  those  of  Fig.  2  in  that  the 
current  transformer  is  connected  for  a  ratio  of  200  to  1  and  the 
charging  current  of  the  condenser  B  is  passed  through  one  of  the 
coils  of  the  transformer,  in  the  opposite  direction  to  the  current 
in  the  primary.  The  capacity  of  B  is  adjusted  so  that  its  charging 
cturent  just  balances  and  neutralizes  the  magnetomotive  force  of 
the  charging  current  of  the  wire  at  voltages  below  the  corona  volt- 
age. The  current  vibrator  in  the  secondary  of  the  transformer, 
as  a  result,  traces  a  straight  line  at  any  voltage  below  the  corona 
voltage.  Above  the  corona  voltage  the  charging  current  of  the 
condenser  B  no  longer  balances  the  current  between  the  wire  and 
cylinder,  and  the  current  vibrator  shows  the  current  which  is 
superimposed  on  the  charging  current  as  a  result  of  the  ioniza- 
tion around  the  wire. 

Ill — Observations  and  Deductions 

The  oscillograms  obtained  with  the  circuits  and  apparatus 
above  described  are  grouped  and  discussed  in  the  following  pages : 

OsciUogram  Notation.  Explanation  of  Terms.  The  connections 
of  the  oscillograph  were  such  that  for  all  films  the  following  rela- 
tions apply: 

A  positive  deflection  (a  deflection  above  the  zero  line)  of  the 
current  vibrator  indicates  a  current  from  the  enclosing  cylinder 
to  the  wire  W^  i.e.,  the  wire  is  cathode  or  negative  to  the  cylinder. 

A  negative  deflection  of  the  current  vibrator  therefore  indi- 
cates a  current  from  wire  to  enclosing  cylinder,  i.e.,  the  wire  is 
anode.  The  same  conventions  of  cotu"se  must  hold  for  deflec- 
tions of  the  potential  vibrator.  On  some  of  the  films  these  con- 
ventions have  been  indicated  by  the  use  of  two  concentric  circles 
representing  the  wire  and  its  enclosing  cylinder,  and  appro- 
priately marked  +  and  — .  Thus  if  the  circles  are  placed  above 
the  zero  line  they  indicate  the  polarities  for  positive  deflections 
and  the  inner  circle  is  marked  —  and  the  outer  +.    If  the  circles 
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are  below  the  zero  line  they  indicate  the  polarities  for  negative 
deflections  and  the  inner  circle  is  positive  and  the  outer  negative. 
On  all  oscillograms  the  current  wave  form  is  designated  by  i,  the 
voltage  wave  by  e. 

Instant  of  Copious  Ionization.  Voltage  at  Copious  Ionization. 
All  oscillograms  taken  at  a  voltage  high  enough  to  cause  the 
formation  of  corona  are  characterized  by  a  sudden  increase  in  the 
current  similar  to  the  increase  which  is  shown  at  the  instants  ti 
and  tt  in  Fig.  5.  In  the  discussion  of  the  oscillograms  this  instant 
of  time,  at  which  the  current  suddenly  '*  shoots  up,"  is  designated 
as  the  **  Instant  of  Copious  Ionization.*'  In  specifying  the  in- 
stant of  copious  ionization,  it  is  convenient  to  locate  it  with 
reference  to  the  succeeding  voltage  peak;  thus,  the  instant  of 
copious  ionization  occurs  n  degrees  ahead  ot  the  voltage  peak. 

The  instantaneous  value  of  the  voltage  between  wire  and 
cylinder  at  the  instant  of  copious  ionization  is  designated  as  the 
Voltage  at  Copious  Ionization.  '*  Instant  of  Ionization  "  con- 
veys the  impression  that  no  ionization  occurs  diuing  the  part  of 
the  cycle  immediately  preceding  the  "  Instant  of  Ionization." 
This  notion  may  be  very  misleading;  it  is  avoided  by  prefixing 
copious  to  ionization. 

Hypothetical  Gradient.  If  the  air  between  the  wire  and  the 
concentric  cylinder  used  in  these  experiments  acts  as  a  pure 
dielectric,  permitting  of  an  elastic  displacement  only,  the  electric 
intensity  or  potential  gradient  g  at  any  instant  at  a  point  at  a 
distance  x  from  the  axis  of  the  cylinders  is 

g  =  --  -J  -  -  (1) 

log- 

in  which  e  is  the  difference  of  potential  between  the  cylinders  at 
the  instant. 

b  is  the  radius  of  the  outer  cylinder. 

a  is  the  radius  of  the  wire. 

This  expression  for  the  gradient  does  not  apply  if  there  is  an 
accumulation  of  charge,  that  is,  an  excess  of  positive  or  negative 
ions  in  any  region.  The  hypothesis  under  which  the  gradient  is 
computed  in  equation  (1),  namely,  that  the  gas  permits  of  elastic 
displacement  only,  is  untenable  at  potentials  which  cause  corona 
around  the  inner  cylinder.  It  may  also  be  untenable  at  lower 
potentials.    To  avoid  the  mental  confusion  which  may  arise  from 
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the  use  of  an  untenable  hypothesis,  a  gradient  computed  by  the 
use  of  equation  (1)  is  called  an  *'  Hypothetical  Gradient."  The 
computed  hypothetical  gradient  is  a  very  useful  notion  only  as 
long  as  its  hypothetical  nature  is  not  lost  sight  of. 

By  the  hypothetical  surface  gradient  (h.s.g.)  is  meant  the  hypo- 
thetical gradient  at  the  surface  of  the  inner  cylinder 

h.  s.  g.  =  ^  (2) 

alog-^ 

General  Experimental  Observations,  Oscillograms  183  to  186 
and  187  to  191  are  intended  to  illustrate  the  observations  de- 
scribed below.  These  oscillograms  were  obtained  with  a  polished 
steel  wire  0 .  059  cm.  in  diameter  in  the  8-in.  (20 . 6  cm.)  iron  pipe, 
at  an  air  pressure  of  74  cm.  of  mercury.  The  first  four  oscillograms 
were  obtained  with  the  Fig.  2  connections  and  the  last  four  with 
the  charging  current  of  the  wire  neutralized  by  the  differential 
connection  of  Pig.  4.  Corona  forms  around  this  wire  at  10.45 
r.m.s.  kv.  between  wire  and  cylinder.  The  hypothetical  gradient 
in  kv.  per  cm.  at  the  surface  of  this  wire  equals  5.80  times  the 
voltage  between  wire  and  cylinder. 

If,  as  the  voltage  impressed  between  the  polished  wire  W  and 
cylinder  of  Pig.  2  is  slowly  increased,  the  charging  current  of  the 
wire  is  observed  on  the  tracing  table  of  the  oscillograph,  the  fol- 
lowing relations  are  noted : 

1 .  As  the  voltage  is  slowly  increased,  simultaneously, —  that 
is,  at  the  same  voltage  within  several  tenths  of  one  per  cent, — 
with  the  appearance  of  the  bluish  haze  around  the  wire  and  the 
occurrence  of  the  hissing  sound,  a  small  hump  or  peak  appears  on 
the  current  wave  under  each  voltage  peak.  The  voltage  at  which 
this  occurs  has  been  variously  designated  as  the  ''  visual  critical 
voltage  *'  or  *'  corona  voltage  "  for  the  particular  wire  and 
cylinder.  The  ordinates  of  the  hump  which  is  superimposed  on 
the  sine  charging  current  show  the  instantaneous  values  of  the 
increase  in  current  resulting  from  ionization  after  the  corona 
voltage  is  exceeded.  Oscillograms  183,  184  and  188  show  the 
appearance  of  the  oscillograms  at  voltages  slightly  higher  than 
the  corona  voltage. 

2 .  When  observing  the  current  wave  form  on  the  tracing  table 
of  the  oscillograph,  the  hump  on  the  current  wave  form  can 
generally  be  detected  under  the  negative  voltage  peak  at  a^olt-     , 
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age  a  few~tenths*of^a  per^cent  below  the  voltage  at  which  the 
positive  hump  is  detected.  That  is,  the  hump  is  first  detected 
during  the  half  cycle  in  which  the  wire  is  anode  and  the  cylinder 
cathode.  This  condition,  however,  has  never  been  recorded  on 
any  of  the  photographic  records.  It  is  possible  that  the  negative 
hump  is  detected  before  the  positive,  not  because  ionization  occurs 
at  a  lower  voltage  when  the  wire  is  anode  than  when  it  is  cathode, 
but  because  the  negative  htunp  at  its  first  appearance  is  short 
and  peaked  and  is  consequently  easier  to  detect  than  the  positive 
which  is  broad  and  low.  This  difference  between  the  positive 
and  negative  hiraips  at  voltages  slightly  higher  than  the  corona 
voltage  is  shown  on  oscillogram  183. 

At  pressures  below  20  cm.  of  mercury,  the  positive  himip  is 
always  observed  before  the  negative  appears;  that  is,  copious 
ionization  sets  in  at  a  lower  voltage  when  the  wire  is  negative 
than  when  it  is  positive. 

3.  On  slowly  lowering  the  voltage,  the  himip  does  not  dis- 
appear from  the  current  wave,  nor  does  the  hissing  cease,  until 
the  voltage  is  from  one  to  three  per  cent  lower  than  the  value  at 
which  they  are  first  observed  with  increasing  voltage.  This 
would  indicate  that  the  ions  persisting  from  any  preceding  half 
cycle  facilitate  the  start  of  copious  ionization  in  the  succeeding 
half  cycle. 

4 .  At  impressed  voltages  below  the  corona  voltage  the  charg- 
ing current  of  the  wire  is  a  sine  current  90  deg.  in  advance  of  the 
voltage.  That  is,  any  loss  resulting  from  ions  present  or  ions 
formed  below  the  corona  voltage,  is  so  small  that  it  cannot  be 
detected  by  the  oscillograph. 

5 .  The  asymmetry  in  the  current  wave  form  to  be  noted  in 
the  series  of  oscillograms  from  183  to  191  is  not  peculiar  to  the 
particular  wire  used,  but  is  characteristic  of  all  wires  tried.  The 
oscillation  in  the  current  occurs  when  the  wire  is  cathode  to  the 
cylinder;  only  slight  traces  of  an  oscillation  can  be  detected  in 
the  current  when  the  wire  is  anode.  The  oscillation  is  more 
marked  for  finely  polished  wires  than  for  weathered  wires.  This 
oscillation  is  later  shown  to  be  a  result  of  the  rapidity  and  sud- 
denness with  which  the  air  in  the  vicinity  of  the  wire  loses  its 
insulating  properties. 

6 .  It  will  be  noted  that  the  increase  in  current  resulting  from 
ionization  is  not  a  smooth  or  gradual  increase  with  the  increasing 
voltage  dtiring  the  cycle ;  at  a  certain  voltage  the  cturent "  shoots" 
up  very  rapidly.    The  instant  at  which  this  occurs  is  designated 
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as  the  "  instant  of  copious  ionization.*'  An  inspection  of  the 
oscillograms  obtained  with  the  differential  connection  indicates 
that  some  current  flows  during  each  half  cycle  before  copious  ioni- 
zation sets  in. 

The  Oscillation  in  the  Current.  The  interpretation  of  the  oscil- 
lation to  be  observed  in  the  current  wave  forms  was  for  some  time 
quite  puzzling.  The  oscillation  unquestionably  indicates  that 
there  is  a  difference  in  the  nature  of  the  failure  of  the  air,  depend- 
ing upon  the  direction  of  movement  of  the  ions.  The  marked 
oscillation  is  always  obtained  when  the  wire  is  cathode,  that  is, 
when  the  negative  ions  move  from  a  field  of  high  to  a  field  of  low. 
intensity  and  the  positive  ions  in  the  reverse  direction. 

Both  inductance  and  capacity  are  required  for  the  oscillations 
shown  on  the  oscillograms.  Since  the  element  of  inductance 
in  the  part  of  the  circuit  between  the  wire  and  the  cylinder  is 
negligible,  it  did  not  seem  possible  that  the  oscillation  could  be 
in  the  movements  of  the  ions  in  the  ionized  regions  surrounding 
the  wire.  It  was  finally  suspected  that  the  oscillation  resulted 
from  the  suddenness  of  the  breakdown  around  the  wire;  and  that 
the  oscillatory  circuit  consisted  of  the  current  transformer  and  the 
capacity  of  the  cylinder  C  to  earth.  The  inductance  of  the  circuit 
would  be  due  to  the  leakage  fliix  of  the  current  transformer, 
which,  in  the  paper  previously  referred  to,  is  shown  to  be  12.7 
henrys.  The  capacity  to  earth  of  the  10-ft.  (3-m.)  wire  mesh 
cylinder  and  its  connections  was  estimated  at  2 .3  X  lO"^'^  farads. 
The  natural  frequency  of  oscillation  of  such  a  circuit  is  2940 
cycles  per  second;  the  critical  resistance  required  to  render  the 
circuit  non-oscillatory  is  470,000  ohms.  The  frequency  of  oscil- 
lation found  by  scaling  the  films  is  2720  cycles  per  second,  which 
is  8  per  cent  lower  than  the  computed  frequency, — ^a  fairly  satis- 
factory agreement  in  view  of  the  difficulty  of  estimating  the 
capacity. 

To  determine  beyond  question  the  part  of  the  circuit  which 
takes  part  in  the  oscillation,  the  resistance,  inductance,  and 
capacity  of  the  suspected  oscillatory  circuit  were  varied  and  the 
corresponding  frequencies  of  oscillation  were  recorded  on  a  series 
of  oscillograms.  These  oscillograms  were  all  obtained  with  a 
polished  phosphor  bronze  wire  0 .  102  cm.  in  diameter  in  the  wire 
mesh  cylinder  of  36.8  cm.  diameter.  The  corona  voltage  for 
this  wire  is  14 .7  r.m.s.  kv.  with  increasing  voltage.  The  oscillo- 
grams were  all  taken  at  approximately  15 .2  r.m.s.  kv. 

Oscillogram  262  records  the  frequency  of  oscillation  with  the 
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Fig.  2  connections.  As  stated  above,  the  recorded  frequency  is 
2720  cycles  per  second,  or  8  per  cent  lower  than  the  frequency 
calculated  from  the  roughly  estimated  constants.  Contrast  the 
amplitude  of  oscillation  on  oscillogram  262  with  that  on  259. 
Oscillograms  262  was  obtained  with  the  polished  wire  and  259 
with  the  same  wire  before  polishing.  The  amplitude  of  oscilla- 
tion is  much  greater  with  the  polished  wire. 

Fig.  6  shows  the  manner  of  connecting  in  additional  inductance 
and  capacity  for  the  purpose  of  varying  the  constants  of  the  oscil- 
latory circuit.  The  additional  resistance  or  the  inductance  was 
•connected  in  series  with  the  current  transformer,  between  trans- 
former and  cylinder  at  D.  The  additional  capacity,  a  2 .  04  X  lO"' 
farad  Leyden  jar,  F,  was  connected  in  parallel  with  the  capacity 
of  the  wire  mesh  cylinder  to  earth. 

Oscillogram  256  was  obtained  with  an  inductance  of   24.6 


Fig.   6 


henrys  connected  in  at  D  and  with  the  condenser  F  disconnected. 
The  computed  frequency  is  1685  cycles  per  second  and  the  fre- 
quency recorded  on  the  film  is  1640  cycles, — a  difference  of  3  per 
cent.  Note  that  for  this  slowed  down  circuit,  the  breakdown  of 
the  air  when  the  wire  is  anode  is  rapid  enough  to  set  up  a  slight 
oscillation. 

Oscillogram  258  was  now  taken  with  the  24.6-henry 
inductance  at  D  and  the  2 .04  X  lO""'  farad  condenser  at  F.  The 
computed  frequency  is  545  cycles  and  the  frequency  recorded 
on  the  films  540  cycles  per  second, — a  difference  of  one  per  cent. 

Finally  oscillogram  264  was  taken  without  the  condenser  F  or 
the  inductance,  but  with  a  0.94-megohm  water  tube  resistance 
at  D.  Although  this  is  twice  the  critical  resistance  of  the  oscil- 
latory circuit  of  Fig.  2,  there  are  still  ripples  to  be  detected  in  the 
positive  hump;  with  this  resistance  the  negative  hump  is  per- 
fectly smooth. 
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These  tests  confirm  the  conclusion  that  the  oscillation  results 
from  the  suddenness  of  the  breakdown  of  the  air  aroimd  the  wire 
and  that  the  oscillatory  circuit  consists  of  the  current  transformer 
and  the  capacity  of  the  cylinder  C  to  earth.  The  inductance  of 
the  current  transformer,  by  causing  the  overshooting,  has  served 
to  bring  out  in  a  very  striking  manner  the  explosive  suddenness 
with  which  the  air  around  the  wire  loses  its  insulating  properties 
when  the  wire  is  the  cathode. 

Relation  between  Watt  Expenditure  and  the  Impressed  Voltage. 
The  series  of  oscillograms  from  261  to  269  was  taken  to  determine 
the  relation  between  the  watt  expenditure  in  the  corona  and  the 
voltage  impressed  between  wire  and  cylinder.  These  films  were 
all  obtained  with  the  0.102-cm.  polished  phosphor  bronze  wire 
in  the  mesh  cylinder  of  36.8  cm.  diameter.  Fig.  2  connections 
were  used,  modified,  however,  by  inserting  the  0.94-megohm re- 
sistance at  D  between  the  cylinder  C  and  the  current  transformer 
in  order  to  damp  out  the  oscillation.  The  constant  of  the  current 
vibrator  was  the  same  throughout  this  series.  A  critical  examina- 
tion of  these  films  discloses  the  following  relations: 

1.  With  increasing  voltages  impressed  between  wire  and 
cylinder,  copious  ionization  occiurs  earlier  and  earlier  in  each  half 
cycle.  The  relation  between  the  impressed  voltage  and  the 
angular  interval  between  the  instant  of  copious  ionization  and  the 
succeeding  voltage  peak  is  shown  in  Fig.  7. 

2.  With  increasing  impressed  voltages,  the  instantaneous 
voltage  at  which  copious  ionization  sets  in  becomes  smaller  and 
smaller.  The  relation  between  the  impressed  voltage  and  the 
instantaneous  voltage  at  the  instant  of  copious  ionization  is 
shown  in  Fig.  7.  At  the  higher  voltages  the  period  of  ionization 
extends  over  a  greater  portion  of  each  half  cycle  than  at  the 
lower  voltages  and  the  production  of  ions  ceases  later  in  each 
half  cycle.  The  lowering,  with  increasing  impressed  voltage, 
of  the  voltage  at  which  copious  ionization  sets  in,  may  result  from 
the  great  number  of  ions  remaining  from  the  previous  half  cycle 
at  the  higher  voltages.  Note  that  the  voltage  at  which  copious 
ionization  occurs  is  lower  when  the  wire  is  cathode  than  when  it  is 
anode. 

3 .  A  close  examination  of  these  oscillograms,  especially  at  the . 
lower  voltages,  indicates  a  slight  current  flow,  such  as  might  be 
attributed  to  the  movement  of  ions,  previous  to  the  instant  of 
copious  ionization.    This  is  brought  out  more  clearly  in  oscillo- 
grams, 271  and  272,  taken  on  the  same  wire,  but  with  the  ^arg- 
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ing  current  of  the  wire  neutralized  by  the  differential  connections 
of  Fig.  4.  The  current  is  quite  appreciable  before  the  start  of 
copious  ionization. 

4.  On  these  same  oscillograms,  271  and  272,  it  will  be  noted 
that  the  current  reverses  before  the  voltage.  This  may  indi- 
cate a  reverse  movement  of  the  separated  positive  and  negative 
ions  before  the  reversal  of  the  hypothetical  gradient  calculated 
from  the  instantaneous  impressed  voltages. 

5.  A  casual  inspection  of  the  oscillograms  271  and  272  shows 
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impressed  voltage  in  peak  kilovolts 

Fig.    7 — Relation  between  Impressed  Voltage  and  (a)  Voltage  at 
Copious   Ionization    (b)    Instant   of   Copious    Ionization 


that  at  voltages  slightly  greater  than  the  corona  voltage  the  watt 
expenditure  in  the  corona  is  greater  during  the  negative  half 
cycle — ^when  the  wire  is  anode — than  during  the  positive  half 
cycle.  This  is  borne  out  by  the  calculations  described  in  the  next 
paragraph. 

6 .  The  watt  expenditure  between  wire  and  cylinder  was  com- 
puted for  the  series  of  oscillograms  261  to  269  by  placing  each  film 
over  millimeter  cross-section  paper,  reading  off  the  corresponding 

values  of  voltage  and  current  ordinates  one  millimeter  apart, 
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computing  therefrom  the  power  curve,  and  taking  the  sum  of 
the  products  for  the  positive  half  cycle,  the  negative  half  cycle 
and  for  the  entire  cycle.  The  results  are  tabulated  below  in  Table 
I  and  are  plotted  in  Fig.  8. 

TABLE  I 
Impressed  Voltage  and  Corresponding  Watt  Loss  between  Concentric  Cylinders. 
Inner  cylinder — polished  phosphor  bronse  wire  0.102  cm.  in  diameter. 
Outer  cylindei^— of  wire  mesh.    36.8  cm.  in  diameter  by  311  cm.  in  length. 


Oscillogram 

Peak 

Power  expenditure  in  watts 

Positive 

Negative 

Entire  cycle 

Idlovolts 

half  cycle 

half  cycle 

261 

20.25 

-0.006 

-0.015 

-0.011 

263 

21.05 

0.818 

1.05 

+0.934 

264 

22.2 

1.815 

1.915 

1.86 

265  a 

24.15 

2.76 

2.89 

2.825 

266 

26.45 

4.46 

4.79 

4.625 

267 

30.25 

8.60 

8.76 

8.68 

268 

84.35 

13.81 

14.33 

14.07 

265  b 

43.0 

30.86 

30.66 

30.75 

260 
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At  voltages  slightly  higher  than  the  corona  voltage,  the  loss 
is  at  least  20  per  cent  greater  during  the  half  cycle  when  the 
wire  is  anode  than  during  the  half  cycle  in  which  it  is  cathode. 

This  percentage  difference  becomes  less  with  increasing  voltage 
and  is  inappreciable  at  the  higher  voltages. 

Peek*  has  shown  that  the  loss  P  between  the  parallel  wires  is 
related  to  the  voltage  e  between  wire  and  neutral  by  an  equation 
of  the  form 

P  ^K(e-  eo)'  (8) 

If  the  assumption  is  made  that  the  equation  of  the  loss- voltage 
curve  plotted  in  Pig,  8  is  of  this  form,  and  if  the  losses  at  25  and 
40  peak  kv.  are  used  to  compute  the  values  of  the  constants  K 
and  tfo,  the  following  values  are  obtained: 

K  =  0.0415  eo  =  15.8  peak  kv. 

The  resulting  equation  is 

P  =  0.0415  (e  -  15.8)'  (4) 

where 
P  =  loss  in  watts 
e  =*  peak  kilowatts  between  wire  and  cylinder. 

The  points  on  Pig.  8  indicated  thus  (x)  were  computed  from 
equation  (4).  The  close  agreement  of  these  points  with  the  ex- 
perimentally determined  losses  indicates  that  equation  (4)  ex- 
presses the  relation  between  loss  and  voltage  very  exactly  except 
at  voltages  slightly  higher  than  the  corona  voltage.  At  low  volt- 
ages the  actual  loss  is  less  than  the  loss  computed  from  equation 

(4). 

It  is  interesting  to  compare  the  constants  of  equation  (4)  for 
the  loss  between  concentric  cylinders  with  the  constants  of  the 
equation  given  by  Peek  for  the  loss  from  a  single  conductor  of 
two  parallel  conductors.    Peek's  equation  is 

P  (in  watts)  =  172  ^  ^  y  (f  -  ^o)*  10-»  (6)- 

in  which  eo  is  the  peak  value  of  the  voltage  to  neutral,  expressed 
inkilovolts  which  will  produce  a  hypothetical  gradient  of  29.8 
kilovolts  at  the  surface  of  the  conductors.  Now  the  hypothetical 
gradient  at  the  surface  of  a  wire  of  radius  r  in  a  cylinder  of  radius 
b  with  a  voltage  e  between  wire  and  cylinders  is  equal  to  the  hy- 

2.  The  Law  of  Corona  and  Dielectric  Strength  of  Air,  by  P.  W.  Peek, 
Jr..  A.  I.  E.  E.  Transactions,  Vol.  XXX,  1911,  and  Vol.  XXXI,  1912. 
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pothetical  gradient  at  the  surface  of  the  same  wire  if  used  as  one 
of  the  parallel  wires,  provided  the  voltage  trom  wires  to  neutral 
is  equal  to  the  voltage  e  and  the  distance  s  between  the  centers  of 
the  wires  is  equal  to  the  radius  b  of  the  outer  cylinder.  As  the 
basis  on  which  to  compare  the  loss  from  one  wire  of  a  pair  of 
parallel  wires  with  the  loss  between  the  same  wire  and  a  con- 
centric cylinder  let  these  conditions  be  imposed:  (1)  the  voltage 
from  the  wire  to  neutral  in  the  first  case  is  to  equal  the  voltage 
between  wire  and  cylinder  in  the  second  case,  (2)  the  distance 
between  the  centers  of  the  parallel  conductors  is  to  equal  the 
radius  of  the  outer  cylinder,  thus  making  the  hypothetical  sur- 
face gradients  equal  in  the  two  cases.  Substituting  in  equation , 
(6) 

/  =  3.11  meters. 

/  =  60  cycles 

d  —  0.984  for  a  temperature  of  21  deg.  cent,  at  a  pressure  of 

73,8  cm. 
r  =  0.051  cm. 
5  =  18.4  cm. 
Co  —  29.8  f  3  log  s/r  =    8.85  peak  kilovolts 

it  becomes 
P  =  0.0172  (f  -8.85)'^  (6) 

in  which  e  =    peak  kilovolts  to  neutral. 

The  loss-voltage  curve  for  parallel  conductors  as  computed 
from  equation  (6)  is  also  plotted  in  Pig.  8.  The  great  difference 
in  the  values  of  eo  for  the  two  cases, — 15 .8  peak  kv.  for  concentric 
cylinders,  and  only  8.85  peak  kv.  for  parallel  wires, — ^was  un- 
expected. No  general  conclusions  can  be  drawn,  however,  on  the 
basis  of  measurements  on  a  single  size  of  wire. 

Observations  at  Air  Pressure  below  Atmospheric.  For  the 
study  of  corona  formation  at  pressures  below  atmospheric,  the 
enclosing  cylinder  C,  used  with  the  Fig.  2  connections,  was  the 
8-in.  (20.6  cm.)  iron  pipe,  provided  with  air-tight  wooden  bulk- 
heads. The  air  was  partially  exhausted  from  this  pipe  and  the 
wave  fonn  of  the  current  between  wire  and  pipe  observed  on  the 
tracing  table  of  the  oscillograph  at  all  pressures  from  atmospheric 
down  to  0 .  13  cm.  of  mercury. 

If,  with  the  0.102-cm.  phosphor  bronze  wire  in  the  pipe,  the 
air  pressure  in  the  pipe  is  maintained  constant  at  a  given  value, 
and  the  impressed  voltage  between  wire  and  pipe  is  slowly  in- 
creased, the  following  changes  in  the  current  wave  form  are  noted 
with  the  increasing  voltage:  ^  ^ 
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1 .  At  pressures  between  76  cm.  and  19  cm.  of  mercury: 

(a)  The  negative  hump  is  detected  first. 

(b)  At  a  voltage  about  0.2  per  cent  higher  the  positive 

hump  is  detected. 

(c)  At  a  voltage  still  higher  by  2  to  4  per  cent,   both 

hiunps  **  shoot  up  "  in  height  very  rapidly  with 
slight  increases  in  voltage. 

(d)  At  low  voltages  the  negative  hump  is  higher  and  of 

greater  area  than  the  positive  but  with  increasing 
voltage  the  height  of  the  positive  hump  overtakes 
and  may  slightly  exceed  the  height  of  the  negative. 

(e)  The  positive  hump  is  markedly  oscillatory — ^the  nega- 

tive is  smooth. 

(f )  The  oscillograms  do  not  differ  materially  in  character 

from  those  at  atmospheric  pressures. 

2.  At  pressures  between  15  cm.  and  3  cm.  of  mercury: 

(a)  The  positive  htunp  is  detected  first. 

(b)  Slight  traces  of  oscillation  are  still  to  be  detected  in 

the  positive  hump. 

(c)  The  htmips  gradually  get  larger  with  increasing  volt- 

ages, but  do  not  at  any  time  give  the  impression 
of  **  shooting  up  "  rapidly  with  slight  increases 
in  the  impressed  voltage. 

(d)  At  low  voltages  the  height  of  the  negative  hump  ex- 

ceeds the  positive,  but  at  higher  voltages  the  height 
of  the  positive  greatly  exceeds  that  of  the  nega- 
tive. 

(e)  The  series  of  oscillograms  from  212  to  219  show  the 

characteristic  changes  with  increasing  voltages  for 
this  range  of  pressures.  These  oscillograms  were 
taken  at  a  pressure  of  13.7  cm.  of  mercury,  with 
the  Pig.  2  connections,  and  without  using  the 
0.94-megohm  resistance. 

3.  At  pressures  between  2.5  cm.  and  0.13  cm.  of  mercury: 
For  this  range  of  pressiu^s  the  changes  in  the  current  wave 

form  with  increasing  impressed  voltage  can  best  be  described 
by  reference  to  oscillograms  221  to  223  and  232,  which  show  the 
characteristic  appearance  of  the  current  wave  form  for  this 
range  of  pressures.  These  oscillograms  were  all  obtained  with 
the  Fig.  2  connections,  modified,  however,  by  connecting  the 
potential  vibrator  E  and  its  series  resistance  directly  across  the 
high-tension  side  of  the  step-up  transformers.    The  voltage  at 
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which  these  oscillograms  were  taken  is  so  low  that  the  charging 
current  of  the  wire  below  corona  causes  a  deflection  of  the  cur- 
rent vibrator  which  is  almost  inappreciable. 

At  voltages  slightly  higher  than  the  corona  voltage  the  char- 
acteristic appearance  of  the  current  wave  forms  is  shown  by 
oscillograms  221  and  222.  Copious  ionization  occurs  for  a  short 
interval  of  time  near  the  peak  of  the  voltage  during  the  half  cycle 
in  which  the  wire  is  cathode.  There  is  no  indication  of  copious 
ionization  during  the  half  cycle  in  which  the  wire  is  anode.  After 
the  cessation  of  ionization  the  current  reverses  and  continues 
to  flow  in  the  reverse  direction  throughout  the  balance  of  the 
cycle.  At  higher  voltages  copious  ionization  also  occurs  during 
the  half  cycle  in  which  the  wire  is  anode,  as  indicated  by  the 
hump  on  the  current  wave  form  under  the  negative  voltage  peak 
on  oscillograms  223  and  232. 

Relation  between  (he  Air  Pressure  and  the  Corona  Voltage.  The 
relation  between  the  air  pressure  and  the  impressed  voltage  at 
which  the  himip  can  just  be  detected  in  the  current  wave  form 
of  0 .  102-cm.  phosphor  bronze  wire  is  shown  in  Fig.  9.  For  the 
purpose  of  comparison,  the  values  of  the  visual  critical  voltage 
for  this  conductor  have  been  computed  from  the  formula  given 
by  Peek  for  parallel  conductors:  These  values  are  also  plotted 
in  Fig.  9,  Peek's  formula  for  the  visual  critical  voltage  «,  to 
neutral  is 

«,  =  (l  +  ^^^  29 .8  r  « log  ^  peak  kilovolts  (7) 

The  two  curves  agree  at  atmospheric  pressures  and  at  pressures 
of  about  two  cm.  of  mercury;  at  intermediate  pressures  the  dis- 
crepancy is  as  high  as  13  per  cent. 

The  Start  of  Corona  on  Switching.  The  observation  that 
copious  ionization  persists  with  decreasing  voltage  to  a  voltage 
several  per  cent  lower  than  the  voltage  at  which  it  is  initiated 
with  increasing  voltage,  gives  rise  to  some  question  as  to  what 
occurs  in  the  first  few  cycles  after  suddenly  applying  to  a  wire 
a  voltage  high  enough  to  cause  corona.  Is  the  ionization  as  com- 
plete in  the  first  half  cycle  after  closing  the  switch  as  after  many 
cycles?  Or  does  it  '*  build  up  **  over  a  number  of  cycles?  With 
impressed  voltages  much  higher  than  the  corona  voltage,  one 
wotdd  expect  to  find  the  corona  fully  developed  at  least  not  later 
than  the  second  half  cycle.  With  impressed  voltages  only  a  few 
per  cent  higher  than  the  corona  voltage  it  is  not  improbable 
that  the  steady  state  may  only  be  reached  after  several  cstcI^^OqIc 
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The  follomng  oscillograms  show  the  current  wave  forms  im- 
mediately after  applying  the  voltage  to  the  wire.  These  oscillo- 
grams were  obtained  with  the  Fig.  2  connections  modified  as 
noted  below.  All  switching  was  done  in  the  primary  of  the  step- 
up  transformer;  that  is,  the  wire  was  permanently  connected 
to  the  higher  tension  terminal  of  the  step  up  transformer,  the 
supply  voltage  was  adjusted  to  the  desired  value,  and  the  voltage 
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Fig.  9 — Relation   between   Air   Pressure  and  Corona   Voltage 


was  suddenly  applied  to  the  wire  by  closing  the  main  switch  in 
the  primary  of  the  step-up  transformer. 

Oscillograms  230  and  232  were  taken  at  an  air  pressure  of  0.3 
cm.  of  mercury,  the  former  at  a  voltage  about  12  per  cent  above 
the  corona  voltage.  The  potential  vibrator  and  its  series  resist- 
ance was  connected  directly  across  the  high-tension  side  of  the 
step-up  transformer  for  these  oscillograms  at  low  pressure. 
(For  the  switching  oscillograms  at  atmospheric  pressure,  the 
potential  vibrator  was  connected  across  the  primary  of  the 
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transformer,  as  in  Fig.  2).  At  these  low  pressures  the  positive 
current — ^from  pipe  to  wire — ^is  as  large  during  the  first  half 
cyde  as  during  subsequent  cycles.  The  negative  current,  how- 
ever, is  low  during  the  first  half  cycle  and  increases  in  value  for 
the  first  eight  cycles.  This  negative  current  does  not  neces- 
sarily indicate  a  current  flowing  in  the  primary  from  wire  to 
pipe.  It  is  probable  that  no  appreciable  current  flows  from  wire 
to  pipe,  and  that  the  apparent  current  in  this  direction  is  due 
to  the  interposition  of  the  current  transformer.  That  is  to  say, 
a  unidirectional  pulsating  current  flowing  through  the  primary 
would  account  for  the  appearance  of  these  films.  The  gradual 
increase  of  the  negative  current  during  the  first  few  cycles  may 
be  attributed  to  the  drift  of  the  magnetic  cycle  in  the  iron  to 
its  permanent  condition. 

Oscillograms  273  and  275  were  taken  at  an  air  pressure  of  73  cm. 
of  mercury,  at  voltages  respectively  3  and  20  per  cent  higher  than 
the  corona  voltage.  An  abnormally  high  voltage  was  invariably 
obtained  on  closing  the  switch;  this  causes  excessive  ionization 
during  the  first  cycle  and  so  masks  the  effect  sought  for  at  volt- 
ages only  slightly  higher  than  the  corona  voltage.  The  oscilla- 
tions were  damped  out  for  oscillogram  273  by  the  use  of  the 
0.94-megohm  resistance  in  the  primary  of  the  current  trans- 
former. 

Corona  around  a  Rubber-Covered  Wire.  Oscillogram  277  shows 
the  wave  form  of  the  charging  current  of  a  No.  14  B.  &  S.  gage 
(diameter  0 .  16  cm.)  single  braided  rubber-covered  wire  (diameter 
over  all  0.55  cm.)  at  a  voltage  high  enough  to  cause  the  forma- 
tion of  corona  in  the  air  around  the  insulation.  This  wire  was 
mounted  in  the  36 . 8-cm.  diameter  wire  mesh  cylinder. 

Note  that  the  most  striking  oscillation  in  the  current  no  longer 
occurs  during  the  half  cycle  in  which  the  wire  is  cathode,  as  with 
bare  wires,  but  during  the  half  cycle  in  which  wire  is  anode. 

IV — Summary 

The  features  or  characteristics  of  thie  corona  around  wires 
brought  out  by  oscillograms  of  the  charging  and  leakage  currents 
may  be  thus  summarized  : 

1.  The  distortion  in  the  current  wave  form,  which  results 
from  copious  ionization  at  the  time  of  the  voltage  peak,  is 
observed  simtdtaneously  with  the  hissing  sound  and  bluish  dis- 
charge from  the  wire. 

2 ..  At  air  pressures  below  20  cm.  of  mercury,  copious  ioniza- 
tion,— as  indicated  by  the  hump  on  the  current  ^^^^jl^gif^^-^le 
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sets  in  at  a  lower  voltage  during  the  half  cyde  for  which  the  wire 
is  the  cathode  than  during  the  half  cycle  for  which  it  is  the  anode. 

3.  From  the  oscillograms  thus  far  obtained  at  atmospheric 
pressure  it  has  been  impossible  to  determine  whether  there  is  any 
difference  in  the  voltage  at  which  the  distortion  appears  in  the 
two  half  cycles,  at  pressures  near  atmospheric. 

4 .  The  boundary  of  the  ionized  region  does  not  gradually  ex- 
pand outward  from  the  wire  with  the  increase  in  voltage  during 
the  half  cycle.  The  loss  of  insulating  properties  in  the  air  sur- 
rotmding  the  wire  must  be  conceived  of  as  taking  place  with 
extreme  suddenness.  The  evidence  of  this  is  the  oscillation  in 
the  current  shown  on  the  oscillograms. 

5.  At  air  pressures  near  atmospheric,  the  asymmetry  which 
results  from  the  combination  of  the  two  conditions,  namely, 
current  carriers  having  different  properties — positive  and  nega-  • 
tive  ions — ^and  a  field  between  unsymmetrical  electrodes,  mani- 
fests itself  in  two  ways:  (a)  the  loss  of  insulating  properties  by 
the  air  is  much  more  sudden  in  the  half  cycle. in  which  the  wire 
is  cathode,  (b),  at  voltages  slightly  higher  than  the  corona  volt- 
age, the  power  loss  in  the  corona  is  greater  during  the  half  cycle 
in  which  the  wire  is  anode.  At  higher  voltages  the  percentage 
difference  between  the  power  loss  during  the  two  half  cycles 
.becomes  extremely  small. 

6.  At  low  air  pressures,  the  asymmetry  manifests  itself  as 
follows:  (a)  for  a  considerable  range  of  voltages  above  the  corona 
voltage  copious  ionization  seems  to  occur  only  during  the  half 
cycle  for  which  the  wire  is  the  cathode;  (b)  at  these  voltages  the 
peak  value  of  the  current  when  the  negative  ions  travel  outward 
from  the  wire  is  far  higher  than  when  they  travel  inward  toward 
the  wire;  the  time  of  outward  flow  is,  however,  far  shorter  than 
the  period  of  inward  flow.  Under  these  conditions,  it  is  seen 
that  the  average  values  of  the  currents  in  the  two  directions 
may  differ  but  slightly,  while  the  root-mean-square  values  are 
greatly  different. 

7.  At  voltages  above  the  corona  voltage,  copious  ionization 
sets  in  at  a  lower  voltage  in  the  half  cycle  for  which  the  wire  is 
the  cathode  than  in  the  other  half  cycle:  in  other  words,  copious 
ionization  is  initiated  earlier  in  the  cycle  when  the  wire  is  cathode 
than  when  it  is  anode. 

8.  The  quadratic  relation  between  power  expenditure  in  the 
corona  and  the  impressed  voltage,  developed  by  other  investiga- 
tors for  parallel  conductors,  is  shown  to  apply  to  the  single  case 
of  oonoentric  cylinders  for  which  the  losses  were^^);;»j^^.__^[e 
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9 /There  is  some  evidence  that  several  cycles  may  be  re- 
quired after  applying  the  voltage  for  the  conditions  between 
concentric  cylinders  to  reach  a  steady  state. 

10.  A  curve  is  plotted  showing  the  relation  between  the  air 
pressure  and  the  voltage  required  to  cause  the  distortion  to 
appear  in  the  current  wave  form.  ^ 
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Discussion  on  "  The  Electric  Strength  of  Air — IV  *' 
(Whitehead),  "The  Positive  and  the  Negative  Corona 
and  Electrical  Precipitation  "  (Strong),  "  Law  of 
Corona  and  Dielectric  Strength  of  Air  "  (Peek),  and 
"An  Oscillograph  Study  of  Corona"  (Bennett), 
Cooperstown,  New  York,  June  27,   1913. 

C.  F.  Scott:  The  papers  that  have  been  presented  are  part 
of  a  series  which  have  been  appearing  in  our  transactions,  build- 
ing up  a  new  literature.  It  was,  I  believe,  fifteen  years  ago  when 
the  first  paper  on  this  subject  recorded  a  number  of  experiments 
and  tests  by  Mr.  Mershon  on  the  lines  of  the  Telluride  Power 
Company,  in  Colorado,  and  the  tests  were  made  jointly  by  the 
cooperation  of  Mr.  Nunn  of  that  company,  and  Mr.  Mershon 
and  the  company  he  represented.  That  paper  presented  the 
effect  of  these  losses  and  the  method  of  measuring  them,  and  the 
success  of  the  tests  was  largely  owing  to  the  ability  and  ingenuity 
of  Mr.  Mershon  in  meeting  new  requirements  under  particularly 
difficult  conditions. 

The  large  fact  presented  was  that  above  certain  voltages  there 
was  corona  loss  as  it  has  since  been  named.  Professor  Ryan 
became  interested  and  undertook  a  study  of  these  laws  and  con- 
ditions, and  in  a  year  or  two  came  a  paper  by  him  giving  the 
results  of  his  laboratory  work.  Presently  Mr.  Mershon  pre- 
sented results  of  other  tests  in  the  field.  Others  have  taken  up 
the  investigation.  The  paper  presented  this  morning  is  the 
fourth  paper  in  a  series,  another  paper  is  the  third  paper  in  a 
series  by  the  respective  authors,  dealing  with  this  subject. 
Fifteen  years  ago  a  new  fact  was  presented,  and  a  new  field  of 
investigation  was  opened. 

In  the  meantime,  power  transmission  has  gotten  up  away 
beyond  the  early  voltages,  and  these  matters  of  corona  have 
become  very  important  engineering  factors  and  engineering 
limitations.  New  methods  and  instruments,  both  theoretical 
and  investigative,  are  employed.  New  knowledge,  new  physical 
theories,  are  here  applied,  and  this  wonderful  instrument,  the 
oscillograph,  is  now  applied  to  this  very  remarkable  condition 
of  measuring  the  charging  or  corona  current  in  a  little  wire  a 
dozen  feet  long. 

This  Institute  as  a  whole,  the  engineering  profession,  and  this 
whole  department  of  high-tension  transmission,  are  very  much 
benefited  by  these  papers,  and  I  think  I  can  speak  for  all  when 
I  congratulate  and  commend  the  authors  on  the  excellent 
character  of  the  work  and  its  importance,  both  from  the  theoret- 
ical and  the  engineering  point  of  view. 

L.  T.  Robinson:  The  details  of  the  work  that  has  been  done 
here  are  of  very  great  interest;  they  will  become  of  more  and 
more  interest  as  time  goes  on.  But  we  have  now  heard  a  great 
deal  of  this  work,  we  have  many  records,  and  perhaps  at  this 
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time  it  would  be  possible  to  go  back  a  little  to  give  the  work  an 
important  practical  application. 

The  one  particular  point  that  seems  to  be  involved  here, 
indirectly,  is  the  question  of  the  measurement  of  voltages. 
We  have  here,  apparently,  another  means  that  may  be  employed, 
that  is  the  measurement  of  voltage  by  the  appearance  of  corona 
before  the  disruptive  discharge  takes  place,  and  in  many  in- 
stances I  think  that  would  be  a  very  valuable  thing.  We  have, 
of  course,  other  methods  that  are  applicable  in  perhaps  the 
majority  of  cases,  but  if  I  read  the  paper  of  Messrs.  Whitehead 
and  Pitch  correctly,  there  appears  to  be  a  very  sharp  point 
where  the  phenomenon  is  observable,  and  if  it  would  not  be 
leading  this  discussion  a  little  to  one  side,  I  would  like  to  have 
something  said  by  the  authors  and  by  the  other  gentlemen 
present  as  to  what  would  be  the  advisable  procedure  in  the  case 
of  different  voltages  and  different  conditions  which  must  be  met. 

Professor  Bennett's  work,  in  which  he  speaks  of  the  small 
angles  between  the  currents  in  the  transformers,  of  the  nature 
of  a  degree,  is  very  good  testimony  of  tlje  care  with  which  he 
has  looked  over  his  results,  and  he  has  drawn  the  line  rather 
finely,  but  it  is  quite  evidently  there,  when  you  come  to  look 
for  it.  If  we  may  digress  just  a  little  more,  for  an  instant,  I 
think  it  is  a  thing  that  may  be  taken  as  an  indirect  lesson 
by  all  of  us,  that  is,  we  do  a  great  deal  of  work  and  make  lots  of 
diagrams  and  make  many  figures  on  paper,  etc.,  and  make  a  lot 
of  observations,  but  we  do  not  half  look  at  these  things.  If  we 
examined  them  more  carefully,  we  would  not  need  to  take  so 
many  observations.  The  small  transformer  to  .make  the 
current  observation  in  the  oscillogram  has  been  used  many 
times,  but  I  do  not  think  the  possibilities  of  operating  in  that 
way  have  been  brought  out  so  that  it  is  quite  generally  appre- 
ciated. It  might  be  of  interest  to  say  that  in  an  ordinary 
electromagnetic  instrument,  for  instance,  a  moving  iron  instru- 
ment, there  is  required  in  the  neighborhood  of  from  two  to  five 
watts  to  operate  the  instrument.  In  the  oscillograph,  although 
the  current  is  rather  large,  the  total  energy  required  is  rather 
small,  and,  unless  I  make  some  mistake  in  multiplying  it,  it 
corresponds  to  about  1 /400th  of  a  watt,  so  that  there  is  a  possi- 
bility of  doing  a  great  deal  with  suitable  transformers,  and  no 
doubt  the  transformers  cotdd  be  much  improved,  and  would  be 
well  suited  for  any  other  purpose,  and  the  necessary  corrections 
supplied.  Even  a  sensibility  of  1/400  watt  leaves  a  good  deal 
to  be  desired,  because  when  you  come  to  another  instrument, 
that  is  the  moving  coil  instrument  of  the  type  first  commercially 
developed  by  Dr.  Weston,  we  have  something  like  1/lOOOth  of 
a  watt  as  necessary  to  send  it  across  the  scale. 

J.  B.  Whitehead:  Mr.  Robinson's  suggestion  that  we  con- 
sider the  corona  as  a  measuring  instrument  is  one  near  to  my 
heart,  but  I  will  not  try  to  divert  the  discussion  that  way  for  a 
moment,  but -will  get  back  to  it  later,  perhaps. 
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Alan  E.  Flowers:  In  regard  to  electrical  precipitation  of 
suspended  particles  from  gases,  it  ought  to  be  emphasized  here, 
that  the  subject  has  a  very  respectable  history  in  physics,  and 
that  we  are  particularly  indebted  to  the  physicists  of  England 
for  the  ground  work  of  the  subject.  C.  T.  R.  Wilson  showed 
that  water  vapor  tended  to  condense  upon  ions  and  so  precipitate. 
Lodge  showed  that  foggy,  out-door  air  could  be  cleared  in  the 
neighborhood  of  highly  charged  electrical  conductors. 

Out  on  the  Pacific  Coast,  Professor  F.  G.  Cottrell  has  been 
working  on  electrical  precipitation  for  several  years  and  has 
obtained  some  very  satisfactory  results.  About  a  year  ago, 
Professor  R.  C.  Carpenter  described  a  settling  chamber  or 
room,  fitted  with  baffle  plates,  where  the  gas  velocity  was  so 
reduced  that  something  like  98  per  cent  of  the  dust  was  removed. 
The  electrical  methods  were,  at  that  time,  capable  of  removing 
about  93  per  cent  of  the  dust.  These  figures  are  only  approx- 
imate and  any  error  in  their  statement  should  not  be  attributed 
to  Professor  Carpenter. 

I  should  like  to  have  from  Mr.  Peek  more  explanation  of  the 
large  values  for  the  "  critical  distance  ",  which  increases  as  the 
square  root  of  the  radius,  does  it  not? 

P.  W.  Peek,  Jr.:    Yes. 

Alan  E.  Flowers:  So  that  with  a  sphere  of  12 . 5  cm.  diameter, 
the  critical  distance  attains  values  of  nearly  one  cm. 

In  Professor  Bennett's  paper,  attention  should  be  called 
particularly  to  the  use  of  the  term  **  hypothetical  gradient  "  and 
the  author  given  our  thanks  for  the  use  of  the  term.  It  seems 
to  me  that  the  values  obtained  by  calculation,  which  we  have 
been  in  the  habit  of  using,  must  be  subject  to  large  corrections 
under  corona  conditions. 

Taking  up  the  question  of  voltage  measurements  raised  by 
Mr.  Robinson,  I  would  like  to  call  attention  to  an  article  pub- 
lished recently  in  England  by  Milner.  In  high-voltage  measure- 
ment, probably  the  greatest  difficulty  is  that  due  to  the  effects 
of  frequency. 

Milner's  work  throws  much  light  on  this  point.  He  used  the 
Braun  tube  to  investigate  the  relation  between  the  voltage 
and  current  in  a  small  sphere  gap,  carrying  an  oscillatory  high 
frequency  discharge.  Instead  of  voltage-time  and  current-time 
curves,  Milner  thus  obtained  volt-ampere  oirves,  from  which, 
assuming  a  sine  current,  the  time  curves  were  calculated.  In 
Fig.  1,  are  shown  the  resultant  oirves  for  a  discharge,  oscilla- 
ting at  a  frequency  of  2,000,000  cycles  per  second.  The  initial 
pe^  of  the  volt-time  ctu^e  is  about  3000  volts;  the  voltage 
then  drops  to  the  arc  value  of  about  36  volts.  Succeeding  loops 
all  show  an  inital  value  of  300  volts,  corresponding  to  the  glow 
value,  followed  by  the  low  arc  value  of  35  volts.  The  current 
showed  a  damping  intermediate  between  the  linear  and  logarith- 
mic rate.  The  variation  of  the  effective  resistance  in  the  oscil- 
latory circuit  doubtless  has  something  to  do  with  this  rate  of 
decay.  ^  , 
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The  high  initial  value  of  3000  volts  was  obtained  only  once 
in  each  wave  train,  but  the  300-volt  glow  value  was  necessary 
in  each  alternation,  being  followed  by  the  arc  value  of  35  volts. 
These  voltages  are  the  same  as  the  values  one  is  accustomed  to 
in  work  at  commercial  frequencies. 

It  would  seem  that  this  work  is  at  least  an  indication  that 
we  may  use  the  breakdown  of  air  between  spheres  as  a  measure- 
ment of  voltage,  independent  of  frequency.  These  restdts  also 
show  the  tremendous  rapidity  with  which  the  fully  ionized 
condition  disappears. 

Professor  Bennett  mentioned  that  in  any  cycle,  corona  ceases 
at  voltages  of  2  and  3  per  cent  lower  than  the  value  at  which 
it  began  and  also,  laid  some  stress  on  the  possibility  that  ante- 
cedent ionization,  either  in  the  same  or  preceding  cycles,  had 
something  to  do  with  the  critical  voltage.  Prom  Milner's  work, 
one  wotdd  conclude  that  recombination  is  too  rapid  for  ante- 
cedent ionization  to  affect  the  critical  voltage. 


Fig.  1 


On  page  1790  and  in  the  corresponding  curves  Fig.  7  it  is 
shown  that  the  voltage  at  which  the  corona  begins  in  any  cycle 
is  appreciably  lower,  when  the  voltage  is  much  in  excess  of  the 
critical  value.  It  might  be  pointed  out  that  this,  as  well  as 
the  lower  voltage  for  cessation  of  corona  in  any  cycle,  might 
with  greater  probability  be  ascribed  to  the  temperature  of  the 
electrode  surface.  The  bombardment  of  the  surface  being  such, 
as  to  raise  appreciably  the  temperature  of  a  very  thin  surface 
film. 

I  would  also  like  to  ask  Professor  Bennett  why  the  polarity, 
giving  the  greater  power  loss,  is  not  the  one  allowing  the  break- 
down at  a  lower  voltage. 

J.  B.  Taylor:  It  is  interesting  to  note  that  Prof.  Bennett  has 
made  use  of  a  method  which  I  suggested  several  years  ago, 
though  I  believe  Prof.  Bennett  has  been  the  first  to  show  records 
obtained  by  using  it. 

I  refer  to  the  differential  connection  of  a  current  transformer 
in  which  the  charging  current,  due  to  electrostatic  capacity  ofj 
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the  wire  on  which  corona  is  being  studied,  is  balanced  out  by  a 
condenser  of  proper  capacity. 

The  construction  of  the  balancing  condenser  should  be  such 
that  it  is  free  from  corona.  This  leaves  the  corona  current  alone 
for  recording  or  noting  in  instruments  such  as  the  oscillograph, 
ammeter,  and  wattmeter  or  other  device. 

I  \vish  to  ask  if  the  doubling  of  the  potential  waves  as  shown 
in  records  179  and  180  has  any  special  significance,  or  does  it 
restdt  merely  from  a  double  exposure  obtained  accidentally  in 
making  the  records. 

W.  H.  Pratt:  I  am  very  glad  Mr.  Robinson  raised  the 
question  as  to  the  adaptability  of  methods  of  using  corona 
for  measuring  high  potential.  It  is  a  matter  I  have  had  in  mind 
for  some  time  and  was  hoping  to  hear  at  this  meeting  some 
facts  which  would  either  confirm  or  else  change  my  opinion  as 
to  the  possibility  of  making  use  of  this  phenomena  in  this  measure- 
ment. I  have  nothing  in  detail  to  suggest,  but  would  like  to 
hear  if  there  are  others  who  have  any  ideas  on  that  subject. 

Alan  E.  Flowers:  I  would  like  to  bring  up  another  point,  in 
regard  to  Professor  Bennett's  work  in  getting  oscillographic 
records  of  the  corona  current,  that  is  the  possibility  of  using  the 
Einthoven  string  galvanometer  for  the  measurement  of  these 
very  small  currents.  Its  use  woxild  eliminate  the  difficulty  of 
self-induction  in  the  transformer  and  the  oscillation  that  occurs 
when  the  corona  discharge  suddenly  starts. 

Paul  M.  Lincoln:  I  ask  whether  there  is  any  one  here  who  has 
made  or  observed  or  knows  about  the  current  of  corona  for  high- 
voltage  direct  current.  I  think  that  will  be  an  extremely 
favorable  way  to  study  corona  and  just  why  it  is. 

Alan  E.  Flowers:  Answering  Mr.  Lincoln's  question,  I  recall 
that  Watson  presented  a  paper  at  the  Winnipeg  meeting  of  the 
British  Association  for  the  Advancement  of  Science,  in  1909, 
published  in  the  Electrician,  Vol.  63,  page  828,  Sept.  3rd, 
1909.  In  this  paper,  experiments  were  described  giving  values 
of  the  corona  current  with  direct  current  at  voltages  up  to 
100,000  volts.  The  critical  voltages  were  the  same  as  these 
found  by  Ryan  for  the  maximum  instantaneous  alternating 
current  voltages,  when  using  the  wire  and  concentric  cylinder. 
For  parallel  conductors,  out  doors,  under  atmospheric  con- 
ditions, much  lower  values  were  found  and  the  critical  voltages 
corresponded  much  more  nearly  to  those  found  by  Mershon 
at  Niagara. 

Paul  M.  Lincoln:  What  is  the  order  of  the  losses  which  occur 
in  that  manner  in  comparison  with  those  which  occur  in  the 
breakdown  with  alternating  current? 

Alan  E.  Flowers:  I  do  not  recall  the  figures  for  the  losses, 
but  my  impression  is  that  the  losses  were  of  the  same  order  as 
with  the  alternating  current,  though  smaller. 

John  B.  Taylor:  I  think  Mr.  Lincoln's  point  is  very  pat, 
and  there  is  something  wrong  in  the  formula  which  puts  frequency 
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directly  into  the  fonnula.  When  we  come  to  direct  current  the 
frequency  shotdd  be  taken  as  zero,  and  there  is  either  a  different 
set  of  conditions  found  to  obtain  or  the  formulas  must  be 
regarded  as  approximate,  to  be  used  only  within  a  limited  range 
of  frequency. 

Paul  M.  Lincoln:  That  is  the  object  I  had  in  mind  in  asking 
for  the  order  of  the  losses  with  direct  ciurent.  I  thought 
probably  the  loss  which  would  take  place  if  the  voltage  were 
established  on  the  wire  and  kept  constant,  compared  to  the 
loss  which  is  due  to  the  initial  breaking  down  of  the  film  is  so 
small  as  to  be  entirely  masked  at  frequencies  of  60  cycles  or 
thereabouts.  That  would  lead  the  ordinary  observer  to  believe 
that  frequency  enters  directly  as  a  factor,  whereas  as  a  matter 
of  fact,  at  very  low  frequencies  there  is  an  appreciable  loss. 

John  B,  Whitehead:  Before  answering  the  one  or  two  ques- 
tions which  have  been  asked  specifically  as  to  my  paper  I  want 
to  make  one  or  two  comments  of  my  own  on  the  papers  of  the 
other  authors. 

I  want  to  call  attention  to  some  average  values  that  are  given 
by  Professor  Strong  as  to  the  size  of  gaseous  ions  and  the  veloci- 
ties with  which  they  move.  If  one  wishes  to  get  a  conception  of 
the  mechanism  suggested  by  the  ionization  theory  for  the  con- 
ductivity of  gases,  these  figures  are  rather  suggestive. 

Passing  to  Mr.  Peek's  paper,  he  will  excuse  me  if  I  take  another 
crack  at  his  "  energy  zone,**  He  knows  there  is  nothing  but 
good  feeling  in  this.  I  shotdd  like  to  know  why  it  is  necessary 
to  go  to  the  extent  of  the  suggestion  he  makes.  If  I  under- 
stand it  properly,  the  suggestion  is,  as  you  increase  the  voltage 
on  the  line,  you  are  storing  electrostatic  energy  in  the  electric 
field,  and  there  finally  comes  a  time  when  the  medium 
immediately  around  the  wire  cannot  stand  any  more  energy. 
That  is  all  right  as  far  as  it  goes,  but  the  thing  which  entirely 
robs  the  suggestion  of  any  interest  to  me  is  that  there  is  nothing 
constant  about  either  the  volume,  density  or  length  over  which 
the  discharge  takes  place,  in  other  words,  the  zone  is  different 
in  length  for  every  size  of  the  wire.  That  brings  us  back  to 
where  we  were  before. 

I  am  particularly  glad  to  read  Mr.  Peek's  observations  on 
pressure.  I  believe  it  is  the  first  time  they  have  been  published 
in  detail,  and  they,  of  course,  offer  a  very  interesting  substan- 
tiation of  the  relation  which  he  has  given  connecting  the  critical 
gradient  with  the  density. 

I  also  find  that  Mr.  Peek  is  adopting  the  language  of  the 
ionization  theory.  At  the  top  of  page  1774,  he  suggests  the 
mechanism  by  which  the  corona  may  be  started,  and 
that  there  may  be  free  ions  at  the  surface  of  one  of  the  conductors. 
It  is  not  necessary  to  assume  that  there  are  any  ions  at  the 
surface.  There  are  always  a  number  of  free  ions  in  the  air 
owing  to  the  continual  state  of  upsetting  and  recombining  of 
the  ions  in  the  molecule.      In  normal  air  there  are  about  1000 
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free  negative  ions  per  cu.  cm.,  and  the  number  may  increase 
four  or  five  times  under  certain  conditions.  It  is  possible  to 
increase  the  number  enormously  by  various  ionizing  agents. 
When  a  difference  of  potential  exists  between  conductors  these 
ions  are  put  in  motion  by  the  electric  field.  They  are  free  charges 
and  move  in  the  direction  of  the  gradient. 

Passing  to  Prof.  Bennett's  paper,  I  want  to  express  my  very 
great  admiration  for  the  care  with  which  the  experiments  have 
been  performed  and  to  state  that  I  regard  it  as  one  of  the  most 
valuable  contributions  to  this  subject  which  we  have  had  in 
some  time.  There  are  some  points  I  want  to  raise  in  connection 
with  it.  On  page  1784,  in  differentiating  between  the  instant 
of  ionization  and  voltage  of  copious  ionization,  the  suggestion 
is  made  that  there  is  some  ionization  due  to  the  electric  field 
before  the  instant  of  copious  ionization.  With  the  very  sensitive 
method  for  observing  the  presence  of  ionization  with  the  electro- 
scope, I  have  never  found  the  least  evidence  of  any  ionization 
preceding  the  actual  instant  of  copious  ionization. 

Prof.  Bennett  says:  "  The  hump  is  first  detected  during  the 
half  cycle  in  which  the  wire  is  anode  and  the  cylinder  cathode.*' 
If  the  wire  is  anode,  the  negative  charges  are  moving  in  towards 
it  and  they  are  consequently  moving  into  a  region  of  intense 
field,  and  they  will  be  accelerated  more  rapidly  during  their 
mean  free  path.  This  is  in  accord  with  the  theory  of  secondary 
ionization.  During  the  time  which  elapses  between  two  colli- 
sions with  molecules,  if  the  ion  has  moved  into  a  more  intense 
field,  it  acquires  greater  velocity  than  if  it  had  moved  the  opposite 
direction.  Prof.  Bennett  points  out  that  he  was  unable  to  observe 
this  on  the  records,  and  refers  to  oscillogram  183.  Oscillogram 
183  appears  to  me  to  substantiate  his  statement.  That  oscillo- 
gram is  as  I  would  expect  to  find  it,  and  I  do  not  see  any  evidence 
on  it  of  a  starting  of  corona  on  the  other  half  of  the  wave,  when 
the  wire  is  cathode. 

Referring  to  page  1786;  when  slowly  lowering  the  voltage, 
reference  is  made  to  the  fact  that  the  hump  does  not  disappear 
from  the  current  wave  at  the  same  voltage  at  which  it  began.  I 
venture  to  suggest  that  this  may  be  explained  as  a  temperature 
lowering.  The  appearance  of  corona  is  sensitive  to  a  change  in 
temperature.  The  actual  presence  of  corona,  representing 
energy  expenditure,  elevates  the  temperature  of  the  gas  in  the 
neighborhood  of  the  wire.  We  have  found  through  a  long  series 
of  observations  a  number  of  discrepancies  for  which  we  could 
not  account  until  we  finally  traced  it  to  the  elevation  of  tem- 
perature of  the  wire  due  to  slight  rubbing  for  cleaning  ptuTX)ses 
between  observations.  We  found  by  letting  it  stand  three  or 
four  minutes,  to  be  sure  that  the  whole  apparatus  came  to 
constant  temperature,  that  the  trouble  disappeared. 

In  paragraph  6,  Prof.  Bennett  says  that  the  oscillation  in  the 
current  occurs  when  the  wire  is  cathode  to  the  cylinder.  If  the 
wire  is  anode  in  the  neighborhood  of  starting  of  corona,  the  corona 
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is  confined  to  a  comparatively  small  region.  When  the  wire  is 
cathode,  and  you  have  the  actual  process  of  ionization  or  copious 
corona,  you  have  a  more  free  generation  of  ions  due  to  the  fact 
that  the  whole  region  is  largely  broken  down,  and  so  has  high 
conductivity. 

In  paragraph  2,  on  page  1789,  Prof.  Bennett  says:  "  With 
increasing  impressed  voltages,  the  instantaneous  voltage  at 
which  the  copious  ionization  sets  in  becomes  smaller  and  smaller," 
and  then  refers  to  Fig.  7  to  show  the  amount  of  that  reduction. 
I  am  not  sure  that  the  temperature  would  account  for  as  great 
lowering  as  he  observes,  but  I  want  to  suggest,  at  least,  that  it 
may  be  a  possible  explanation.  It  is  extremely  important  to 
look  for  temperature  variation. 

At  the  top  of  page  1790  a  statement  is  made:  "  The  current 
is  quite  appreciable  before  the  start  of  copious  ionization." 
I  venttire  to  suggest  that  this  is  a  residual  effect,  due  to  the  fore- 
going corona.  Recombination  goes  on  with  enormous  rapidity, 
as  indicated  by  the  fact  that  the  corona  does  stop.  But  thk 
does  not  mean  you  have  no  ionization;  the  process  of  ionization 
is  stopped,  but  there  are  plenty  of  free  ions  left  and  they  con- 
stitute the  current  indicated  by  the  slight  accent  in  the  curve 
of  film  188. 

Coming  to  page  1793,  with  reference  to  the  great  difference  in 
the  losses  in  concentric  cylinders  and  parallel  wires,  I  think 
the  explanation  is  obvious, — This  process  of  loss  to  my  mind 
is  made  up  of  two  factors,  one  is  the  process  of  ionization,  or 
breaking  down  of  the  molecules,  which  undoubtedly  requires 
energy.  The  other  and  larger  part  of  the  loss  is  due  to  the 
actual  conduction  current,  caused  by  the  passage  of  ions  from 
one  conductor  to  the  other. 

L.  T.  Robinson:  Does  not  the  loss  vary  directly  as  the  fre- 
quency? 

John  B.  Whitehead:  I  do  not  believe  it  varies  directly. 
The  difference  in  the  paths  of  the  ions  in  concentric  cylinders 
and  in  parallel  wires,  would  account  for  the  difference  in  loss 
observed  by  Prof.  Bennett,  In  the  concentric  cylinders  you  have 
perfectly  straight  paths  for  the  ions,  and  very  much  shorter  than 
in  the  widely  scattered  paths  which  approximately  follow  the 
electrostatic  field  between  parallel  wires.  The  actual  loss  must 
vary  in  some  way  with  the  frequency.  If  you  get  a  breakdown 
on  every  wave,  you  pile  up  the  loss  with  increasing  frequency, 
but  I  do  not  believe  there  is  a  strictly  proportional  relation. 

In  regard  to  Mr.  Robinson's  suggestion  as  to  measurements. 
In  our  laboratory  we  have  been  conducting  experiments  for  the 
perfecting  of  the  wire  and  cylinder  apparatus  as  measuring 
instruments  for  some  time,  and  I  hope  to  be  able  to  present  the 
results  of  that  investigation  to  the  Institute  in  the  near  future. 

The  accuracy  with  which  one  can  repeat  observations  on  the 
formation  of  corona  on  a  clean  wire  in  a  cylinder  is  very  much 
closer  than  the  possible  control  of  the  usufid  alternating-current 
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circuit.  There  is  no  question  in  my  mind  that  if  we  can  reduce 
the  apparatus  to  a  convenient  form,  so  that  it  may  be  carried 
about,  we  have  an  instrument  which  is  incomparably  better, 
as  regards  final  accuracy  than  either  the  needle  or  the  sphere 
gap.  A  serious  limitation  of  such  an  instrument  is  that  for  a 
given  voltage  there  is  only  one  size  of  wire.  If  several  different 
voltages  are  to  be  measured  with  the  same  apparatus  a  number 
of  wires  are  necessary.  However  they  may  be  inserted  readily 
and  frequently,  in  a  clean  condition,  corresponding  to  different 
voltages  and  I  have  not  found  that  this  is  a  serious  complication. 
We  have  an  apparatus,  comparatively  limited  in  range,  as  yet, 
with  which  we  have  worked  for  some  time.  Taking  voltages 
almost  daily  since  the  first  of  October  last  year,  and  correcting 
for  temperature  and  pressure,  we  have  had  no  difficulty  in 
checking  these  voltages  over  a  wide  range  of  conditions  to  a 
fraction  of  a  per  cent. 

We  are  also  investigating  the  surfaces  of  metals,  as  regards 
their  permanency,  looking  to  the  possibility  of  eliminating  the 
necessity  for  cleaning.  We  have  not  got  far  enough  along 
with  this  to  say  what  the  best  material  would  be.  We  are  also 
trying  various  wave  shapes,  as  the  voltages  meastired  have  so 
far  been  considered,  and  I  believe  properly,  to  be  the  peak  volt- 
age, the  highest  voltage  on  the  wave. 

There  is  another,  limitation  to  such  an  instrument,  that  I 
regard  as  perhaps  more  serious  than  any  and  that  is  the  fact 
that  the  observing  instrument  which  so  far  has  been  found  to 
be  the  most  suitable  for  the  observations  is  the  electroscope, 
and  the  electroscope,  unfortunately,  is  not  a  convenient  instru- 
ment to  carry  about.  It  is  not  suitable  for  a  shop  test  of  high 
voltage.  It  is  obviously  impossible  to  use  the  visual  appearance 
of  the  corona  as  the  measuring  instrument.  To  do  this  a  room 
absolutely  dark  is  needed  and  one  must  be  in  the  room  several 
minutes  before  he  can  see  the  first  appearance  of  corona.  We 
have  developed  another  method  of  detecting  the  beginning  of 
corona.  We  punch  the  outer  cylinder  full  of  small  holes,  and 
surround  it  with  another  cylinder  so  connected  to  the  cylinder 
which  forms  the  grounded  side  of  the  circuit  as  to  make  it 
sound-proof.  Two  openings  in  the  outer  cylinder  are  connected 
by  two  broad  rubber  tubes  to  two  ear  pieces  strapped  over  the 
head.  You  can  hear  the  corona  start  in  a  quiet  room,  and  fix 
the  point  at  which  it  does  start  on  a  clean  wire  just  as  closely 
as  by  looking  at  it.  We  have  checked  this  with  many  tests 
made  by  two  independent  observers.  I  believe  there  are  great 
possibilities  in  the  concentric  cylinder  apparatus  as  measuring 
instrument. 

I  would  like  Mr.  Flowers  to  give  the  references  to  Milner's 
paper  and  tell  how  these  interesting  curves  at  two  hundred 
million  cycles  were  traced. 

With  reference  again  to  Mr.  Lincoln's  question  as  to  experi- 
ments with  high-voltage  direct  current,  Watson's  observations 
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were  made  with  the  induction  static  machine  as  the  source  of 
voltage,  and  while  his  observations  were  extremely  interesting, 
I  believe  they  are  qualitative  rather  than  quantitative.  I  do 
not  think  there  should  be  any  difficulty,  however,  in  understand- 
ing the  loss  at  continuous  voltage  if  you  go  back  to  the  idea  which 
I  have  suggested,  and  which  I  think  is  unquestionably  so,  that 
a  large  part  of  this  loss,  not  the  principal  part  of  it,  is  due  to  the 
actu^  passage  of  ciurent  between  conductors. 

Paul  M.Lincoln:  If  the  conception  which  Dr.  Whitehead  has 
just  given  is  correct,  our  law  of  loss  due  to  heating  needs  revision. 
Frequency  does  not  apply  there. 

F.  W.  Peeky  Jr.:  Answering  the  questions  asked  in  reference 
to  variations  of  corona  loss  with  frequency:  The  greater  part 
of  the  loss  over  the  commercial  frequency  range  is  a  per  cycle 
loss  or  varies  directly  with  the  frequency.  There  is  ^Iso  added  to 
this  a  small  constant  loss  independent  of  the  frequency. 

The  complete  loss  equation  may  be  written: 

p  =  Jfe  {f+a)  (e-Coy  kilowatts  per  kilometer  of  circuit,      (1) 

Then  at  zero  frequency  /  becomes  zero  and  the  loss  is 

p  =  k  (a)  {e-eoY  kilowatts  per  kilometer  of  circuit       (2) 

The  constant  a  is  comparatively  small. 
Therefore  where  /  is  comparatively  large  a  becomes  negligible 
and  the  loss  may  be  written: 

p  =  k  f  {e-eoY  kilowatts  per  kilometer  (3) 

The  equation  is  generally  written  in  the  form  (3)  for  con- 
venience in  working  at  the  higher  commercial  frequencies 
near  60-cycles  and  practical  size  of  conductors.  When  I 
first  gave  this  equation  in  my  paper  in  1911*  I  stated  it 
did  not  mean  zero  loss  on  direct  current.  The  zero  frequency 
loss  indicated  in  (2)  is  not  necessarily  the  d-c.  loss,  but  one  would 
expect  the  d-c.  loss  to  be  higher.  There  must  be  loss  on  the 
d-c.  because  as  soon  as  a  given  flux  density  is  reached  the  air 
must  break  down.  This  requires  an  expenditure  of  energy. 
There  must  also  be  a  flow  of  energy  to  keep  the  air  in  this  broken 
down  state  as  the  ionized  particles  move  away.  Some  three  or 
four  years  ago  I  made  some  measurements  of  corona  loss  on  a 
wire  in  a  tube.  I  foimd  that  if  air  were  sent  through  the  tube 
the  loss  increased  with  increasing  air  velocity.  The  faster  the 
broken  down  air  was  moved  away  the  greater  the  loss. 

Watson  has  made  loss  measurement  of  d-c.  corona  on  wires. 
While  these  loss  measurements  are  rather  qualitative  than  quan- 
titative, they  indicate  a  d-c.  loss  of  about  i  to  i  the  60-cycle  a-c. 
loss  at  the  same  maximum  voltage. 

I  have  frequently  used  corona  as  a  means  of  measuring  very 
high  voltages  as  a  check  on  other  methods. 

♦Law  of  Corona,  Trans.  A.  I.  E.  E.,  Vol.  XXX,  19$^i^i^d  i^] 
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Sometime  ago  I  foimd  that  the  needle  gap  varied  a  great  deal 
from  time  to  time  at  constant  temperature  and  presstire.  This 
variation  is  caused  by  humidity.  Around  the  needle  gap  there 
is  a  great  brush  discharge  before  spark-over.  The  water  in 
the  air  which  exists  as  a  gas  is  probably  changed  into  vapor  or 
a  **  fog  "  around  the  needle  points  by  the  brush  discharge.  This 
has  the  effect  of  increasing  the  size  of  the  conductors  and  causes 
a  higher  spark  over  voltage.  Humidity  has  no  effect  on  the 
starting  point  of  corona,  or  spark  over  on  spheres,  because 
there  are  no  brushes  to  cause  change  from  gas  to  vapor.  I 
mention  this  because  it  has  a  bearing  on  precipitation. 

Prof.  Bennett's  loss  investigation  confirms  the  "  quadratic 
law  "  which  was  first  derived  by  me  in  1910,  and  given  in  dis- 
cussions in  Jan.  1911  and  more  completely  in  the  "  Law  of 
Corona,"  June  1911.  The  difference  is  quantitative.  This  is 
because  of  the  small  size  of  wire  used,  which  is  much  smaller 
than  any  used  on  commercial  lines.  Where  the  wire  is  smaller 
than  about  0.25  cm.,  e^  is  larger  than  that  expressed  by  the 
simple  practical  equation,  and  I  have  given  a  more  complete 
equation  to  cover  small  wires.  This  complete  equation,  how- 
ever, is  of  theoretical  interest. 

For  use  over  a  wide  range  of  frequency  and  radius  of  conduct- 
or, it  is: 


'r+  — +0.04 


ir  -1 — rv.u^ 

p  =  241  (/  +  25)  ^ (e 


-edY  10-» 


Cd  =  gdnhflog,  — 
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Even  before  the  practical  size  of  conductor  is  reached,  gd  —  go 
and  is  constant,  or  eo  is  constant  for  all  practical  sizes.  For  the 
smaller  sizes  gd  increases  and  finally  at  zero  radius  grf=  gf. 
Prof.  Bennett's  data  should  check  substantially  the  above 
equations. 

These  equations  derived  from  measurements  over  a  frequency 
range  of  20  to  130  cycles  and  wide  conductor  range  reduce  to 
(3)  for  practical  size  of  conductor,  spacing,  and  frequency. 

It  must  always  be  remembered  that  there  should  be  no  loss 
below  69  with  perfectly  smooth  conductors.  The  loss  below 
€9  therefore  varies  from  day  to  day  depending  upon  irregu- 
larities and  follows  the  probability  curve.  It  is  not  of  much 
practical  importance  to  know  this  loss,  as  the  storm  loss  limits 
the  maximum  voltage  to  about  fair  weather  eo. 

In  regard  to  Dr.  Whitehead's  objection  to  the  energy  zone 
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theory:  This  theory  has  helped  me  in  deriving  formulas  and 
has  therefore  been  useful.  For  instance — I  probably  would  not 
have  been  able  to  write  the  formula  connecting  visual  gradient 
with  radius  and  pressure  if  I  had  not  looked  upon  it  in  that  way. 
The  electron  theory  is  of  a  great  help  and  will  be  a  greater  help, 
but  it  is  not  possible  to  explain  ever>'thing  by  it  at  the  present 
time. 

Edward  Bennett:  With  reference  to  the  question  about  the 
double  appearance  of  the  voltage  ctirve  on  films  179  and  180, 
I  would  say  that  is  due  to  a  fault  in  the  reproduction  of  the  film. 
The  curve  is  rather  broad. 

The  use  of  the  string  galvanometer  has  been  suggested  because 
it  has  been  asstmied  that  the  resistance  of  the  current  trans- 
former is  excessive.  By  reference  to  Fig.  3,  however,  it  will  be 
noted  that  the  resistance  of  the  current  transformer  and  vibrator 
is  only  0.02  megohms,  whereas  the  capacity-reactance  between 
the  wire  and  cylinder  in  series  with  which  it  is  connected  is  90 
megohms,  so  that  the  voltage  consumed  in  the  current  trans- 
former will  be  a  small  fraction  of  one  per  cent  of  the  total 
impressed  voltage.  It  is  true  that  the  current  sensibility  of  the 
string  galvanometer  is  extremely  high,  but  it  must  be  remembered 
that  the  current  sensibility  has  been  obtained  at  the  expense  of 
a  long  period  of  vibration,  so  that  the  string  galvanometer  would 
be  absolutely  unable  to  reproduce  frequencies  of  the  order 
we  have  to  reproduce  in  this  case. 

With  reference  to  the  statement  during  the  discussion  that 
film  183  shows  the  distortion  in  the  current  wave  form  only 
when  the  wire  is  anode,  I  would  state  that  it  is  extremely  diffi- 
cult to  detect  in  the  reproduction  any  distortion  in  the  current 
wave  form  during  the  half  cycle  when  the  wire  is  cathode,  but 
such  a  distortion  can  be  readily  determined  on  the  original 
films. 

John  B.  Whitehead:  It  shows  here  on  the  reproduction 
of  the  film  when  the  wire  is  anode  and  not  when  the  wire  is 
cathode. 

Edward  Bennett:  The  difference  between  the  appearances 
of  the  distortions  in  the  current  curves,  which  makes  it  difficult 
to  determine  whether  there  is  a  certain  range  of  voltage  over 
which  the  distortion  occurs  only  during  the  half  cycle  when  the 
wire  is  the  anode,  or  vice  versa,  is  pointed  out  in  the  discussion 
of  film  183. 

John  B.  Whitehead:  The  only  point  I  want  to  make  is 
if  you  have  that  kick  in  the  current  wave,  its  amplitude  is 
much  greater  than  the  amplitude  of  the  disturbance  on  the 
other  side.  It  indicates  to  me  if  you  carry  the  voltage  on  down 
it  would  simply  show  the  fact  on  the  film  as  it  is  shown  here. 

Edward  Bennett:  I  do  not  think  that  necessarily  follows, 
when  you  consider  the  other  fact  developed  by  the  oscillograms, 
namely,  at  higher  voltages  copious  ionization  starts  earlier  in 
the  cycle  when  the  wire  is  cathode  than  when  it  is  anode.    The 
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direction  of  the  gradient  when  ionization  is  first  observed,  is 
still,  I  think,  an  open  question. 

With  reference  to  the  method  of  measuring  voltages  by 
means  of  corona,  I  imderstand  that  Professor  Ryan  has  done 
a  great  deal  of  work  in  which  he  uses  a  measuring  instnmient 
comprising  a  conical  conductor  in  a  concentric  cylinder.  This 
is  thfe  only  type  of  instrument  with  which  it  would  be  feasible 
to  measure  varying  voltages.  Suppose  you  wanted  to  deter- 
mine the  peak  voltages  due  to  surges,  etc.  It  is  not  feasible  to 
change  the  inner  conductor,  as  has  been  suggested,  but  a  conical 
inner  conductor  may  be  used  and  the  point  on  this  conductor 
at  which  the  corona  terminates  may  be  noted.  Whether  this 
can  be  used  as  an  exact  indication  of  the  highest  voltage,  remains 
to  be  determined. 

It  is  my  understanding  that  all  the  equations  expressing  rela- 
tion between  loss  and  voltage,  between  the  critical  gradient 
and  radius  of  conductor,  etc.,  are  not  rigorously  exact  but  are 
approximate  equations. 

Messrs.  Whitehead  and  Peek  are  to  be  congrattdated  upon 
the  manner  in  which  they  marshalled  and  analyzed  a  very 
large  mass  of  experimental  data,  and  from  this  have  evolved  the 
few  elegant  relations  embodied  in  the  equations  expressing  the 
interrelations  between  power  loss,  diameter  of  conductor,  air 
pressure,  and  impressed  voltage.  The  extension  of  these  em- 
pirical relations  between  the  critical  intensity,  the  density  factor 
and  the  diameter  of  conductor,  which  were  first  worked  out 
for  the  case  of  cylinder  conductors,  to  the  case  of  spheres,  is  a 
distinct  contribution  to  the  subject. 

In  addition  to  this  contribution  the  third  paper  is  entitled 
**  A  theory  of  rupture."  This  theory  is  advanced  in  the  attempt 
to  account  for  a  discrepancy  between  our  preconceived  notions 
and  experimentally  determined  facts.  The  preconceived  notion 
is  that  the  computed  electric  intensity  or  gradient  at  which  a 
gas  gives  experimental  evidence  of  breaking  down  ought  to  be 
a  constant.  The  fact  is  that  the  computed  gradient,  the 
gradient  computed  on  the  assumption  that  there  is  no  accumu- 
lation of  charge  around  the  conductors  is  not  a  constant,  but 
becomes  larger  and  larger  for  conductors  of  smaller  and  smaller 
diameters. 

After  developing  the  simple  relation  g,= go  (iH — 7=)  and  not- 
ing from  this  that  the  computed  gradient  is  always  constant 
and  equal  to  go»  at  a  distance  of  k  VT  from  the  surface  of  the 
conductor,  the  simplicity  of  the  relation  seems  in  some  way  to 
lead  to  the  conclusion  that  failure  does  not  occur  at  the  surface, 
but  only  after  "  rupturing  energy  "  has  been  stored  around  the 
wire  in  a  zone  between  the  wire  and  this  hypothetical  cylinder 
at  which  a  constant  hypothetical  gradient  is  obtained. 

It  must  be  remembered  that  an  analytical  expression  can  be 
found  which  will  express  the  distance  between  the  surface  of 
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the  conductor  and  the  point  at  which  the  computed  gradient 
iat  the  voltage  of  rupture  has  any  other  constant  value,  as  25 
or  20  kilovolts  per  cm. 

Does  this  fact,  however,  the  fact  that  an  expression  can  be 
fotmd  for  the  distance  from  the  surface  of  conductors  to  a  point 
where  the  computed  gradients  are  constant,  warrant  the  inter- 
jection of  the  notion  of  an  energy  storage  zone?  It  must  be 
recognized  that  in  the  hands  of  the  author  of  the  theory,  the 
notion  of  the  energy  storage  zone  has  been  very  fruitful  and  has 
led  to  some  very  simple  relations,  but  in  the  hands  of  others, 
or  in  the  mental  processes  of  others,  of  whom  I  am  one,  the  notion 
of  an  energy  storage  zone  is  absolutely  fruitless  and  barren. 
This  may  be  a  fault,  not  in  the  notion,  but  in  the  mental  pro- 
cesses of  those  to  whom  the  notion  is  fruitless.  To  me  it  is  an 
incident  that  the  expression  for  the  distance  between  the  sur- 
face of  a  conductor  and  the  point  at  which  the  gradient  is  29.8, 
or  31,  or  33.6  kilovolts,  assiunes  a  simple  form.  I  have  no  real 
quantitative  explanation  to  offer  for  the  relations  observed, 
but  in  my  estimation  the  fruitful  explanation  will  be  based 
upon  statistical  relations  to  be  expressed  in  the  language  of  the 
atomic  structure  of  electricity. 

Alan  E.  Flowers:  The  article  by  Milner  was  published  in 
Nov.  1912  in  the  Philosophical  Magazine,  Vol.  24,  page  709. 

John  B.  Whitehead:     How  was  that  curve  obtained? 

Alan  E.  Flowers:  Results  were  obtained  by  the  use  of  the 
Braun  tube  and  the  sharply  defined  cathode  ray  pencil,  produced 
by  having  two  metallic  screens,  each  pierced  by  a  small  hole  in 
the  center  and  along  the  line  of  the  axis  of  the  tube  and  also 
perpendicular  to  the  cathode  surface,  the  screens  also  forming 
anodes  in  the  tube.  Part  of  the  cathode  rays,  proceeding  in  a 
direction  normal  to  the  cathode  surface,  passed  through  these 
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two  holes  and  were  deflected  by  the  magnetic  and  electric 
fields  of  the  discharge  circuit.  The  oscillating  current  through 
the  sphere  gap  was  assumed  to  be  a  sine  wave  and  was  produced 
by  an  induction  coil.  The  primary  on  this  induction  coil  was 
in  series  with  the  primary  of  another  coil,  whose  secondary 
supplied  the  discharge  in  the  tube,  thus  making  the  cathode 
ray  pencil  occur  in  synchronism  with  the  current  in  the  [gap 
circuit.     Tlie  oscillating  current  through  the  gap  passed_also 
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through  a  coil  whose  axis  was  at  right  angles  to  the  tube  and 
"  cathode  ray  pencil  "  and  produced  a  magnetic  field  tending 
to  deflect  the  cathode  pencil  vertically.  Plate  electrodes  so 
set  that  the  electric  field  between  them  tended  to  deflect  the 
cathode  pencil  horizontally,  were  connected  either  across  the 
sphere  gap  or  across  the  supply  condensers  and  consequently 
deflected  the  pencil  in  proportion  to  the  gap  voltage  or  the 
total  voltage  of  the  oscillating  circuit.  The  cathode  pencil 
fell  upon  a  willemite  screen  and  was  photographed.  In  this 
way,  crossed  and  spiral  curves  were  obtained,  such  as  are 
shown  in  Figs.  2  and  3.  The  photograph  showed  rather  a  wide 
band.  A  line  was  then  drawn  along  the  middle  of  the  photograph 
trace  and  this  line-curve  analyzed  to  give  the  curve  shown  in 
Fig.  1  (p.  1813).  The  actual  record  is  thus  the  volt-ampere  char- 
acteristic, from  which,  assuming  a  sine  current,  the  time  curves 
may  be  calculated.  The  voltrampere  characteristics  obtained 
when  the  total  oscillating  voltage  was  used,  were  of  spiral  or 
elliptical  form,  thus  checking  the  assumption  of  the  sine  wave 
discharge. 

John  B.  Whitehead:  The  Braun  tube  is  perfectly  well 
known. 

Alan  E.  Flowers:  This  method  of  getting  a  volt-ampere  curve 
is,  however,  new,  and  gives  extremely  useful  information  under 
the  very  difficult  conditions  of  extremely  high  frequency. 

William  J.  Hammer:  Professor  Whitehead  referred  to  the 
effect  of  particles  of  dust,  on  the  path  of  the  flow;  and  he  also 
referred  to  some  experiments  conducted  on  the  surfaces. 
It  seems  to  me  that  the  surface  characteristics  of  metal  is  a 
matter  to  which  not  sufficient  attention  has  been  given, 
where  particles  may  rest  on  the  surface,  where  the  surfaces 
are  irregular  or  vary  in  their  constitution  or  formation,  or  are 
exposed  to  effects  of  oxidation. 

I  speak  of  this  because  of  some  experiments  I  made  some 
years  ago  in  conjimction  with  Professor  Campbell  of  Columbia, 
at  which  time  we  made  a  large  number  of  photomicrographs 
of  metal  stirf aces  and  carried  out  a  series  of  observations  upon 
the  physical  characteristics  of  the  metals  themselves.  In 
certain  of  these  experiments  sheets  of  various  metals  were 
put  in  a  trough,  which  was  oscillated  for  a  considerable  time. 
This  trough  contained  lignum  vitae  balls  and  powdered  pumice 
stone  and  the  stirfaces  of  the  metals  were  roughened  slightly, 
but  very  evenly,  and  many  photomicrographs  were  then  made 
and  studied.  Many  experiments  were  made  upon  these  metals 
to  show  their  surface  characteristics.  As  an  illustration,  I  will 
mention  one  of  these  experiments  made  upon  aluminum  and 
zinc.  I  poured  a  little  collodion  on  the  two  surfaces,  and  as  soon 
as  it  dried,  the  collodion  peeled  off  the  zinc  but  it  stuck  so  fast  to 
the  aluminum  I  could  not  get  it  off  with  a  penknife  blade. 
There  were  many  other  experiments  made  at  the  time  which 
were  of  a  good  deal  of  interest  and  demonstrated  that  these 
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stirface  characteristics  of  the  metal  itself  are  frequently  very 
important. 

Jfohn  B.  Whitehead:  It  has  been  known  for  some  time  that 
the  corona-forming  voltage  does  not  vary  at  all  with  the  material 
of  the  conductor.  However,  the  condition  of  the  surface  of 
the  conductor  does  have  a  great  deal  to  do  with  the  accuracy 
and  sharpness  with  which  the  corona  will  appear  with  increasing 
voltage.  Anything  in  the  nature  of  a  dust  particle  or  surface 
ineqtudity  is  capable  of  upsetting  the  observation.  With  the 
visual  observation  you  can  usually  detect  a  surface  imperfection 
as  a  slight  brush  discharge  before  the  whole  uniform  corona 
breaks  out.  We  have  studied  different  surfaces,  to  find  out 
which  are  the  most  permanent  as  regards  oxidation  or  any  other 
process  which  may  upset  the  character  of  the  observation. 

Harris  J.  Ryan  (by  letter) :  As  a  contribution  to  the  discus- 
sion of  Professor  Bennett's  corona  paper,  Fig.  Rl  is  submitted. 
It  is  the  cyclogram  in  Fig.  6,  page  545,  Vol.  XXII  of  the  1903 


Fig.  Rl — Devbloped  from  Cyclogram  Fig.  6,  Page  645, 
Vol.  XXII,  A.  I.  E.  E.  Transactions 


Transactions.  This  cyclogram  was  taken  by  the  method  speci- 
fied as  number  1  in  the  present  paper,  i.e,,  the  coils  of  the  cathode 
ray  cyclograph  were  "  connected  between  the  wire  "  and  the  high- 
tension  transformer  which  charges  the  wire  in  the  concentric 
wire  and  cylinder  outfit.  The  following  items  taken  from  this 
cyclogram  are  in  substantial  ag;reement  or  non-agreement  with 
corresponding  items  in   the   paper: 

1.  The  characteristic  polarity  difference  in  the  wave  forms  of 
the  corona  cturents  when  entering  and  when  leaving  the  wire 
as  discovered  by  Professor  Bennett  is  here  quite  in  evidence 
and  in  complete  agreement  with  oscillogram  No.  189.  Thus  it 
is  known  that  the  upper  half  wave  was  formed  when  the  wire  was 
negative  and  the  lower  half  when  it  was  positive. 

2.  The  voltage  required  to  start  corona  was  17.5  per  cent 
greater  when  the  wire  was  positive  than  when  it  was  negative. 

3.  It  shows  that  the  wire  positive,  exceeds  the  wire  ^^g^^^^e    t 
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duration  of  ccpious  ionization  by  12.5  per  cent  and  that  the  rate 
of  such  negative  copious  ionization  is  62.5  per  cent  in  excess  of 
the  rate  of  positive  copious  ionization. 

4.  That  the  impact  oscillation  superimposed  upon  the  corona 
conduction  current  circulates  only  in  a  local  circuit,  is  established 
by  the  following  facts  that  appear  in  the  original  composite 
cyclogram  reproduced  in  Fig.  R2.  The  cydogram  LC  records 
the  composite  condenser  and  corona  conduction  current  pasang 
between  wire  and  cylinder.  The  cyclogram  CC  records  the 
charging  current  through  a  non-corona-forming  air-core  con- 
denser of  equivalent  capacity  connected  in  multiple  with  the 
wire-to-cylinder  condenser.     The  difference  between  these  two 


is  the  corona  conduction  current  transferred  to  rectangular 
coordinates  in  Fig.  Rl.  Each  cyclogram  in  Fig.  R2  records  a 
damped  oscillation.  These  oscillations  are  seen  to  occur  simul- 
taneously, to  have  about  equal  magnitudes  and  to  be  in  phase 
apposition.  The  scheme  of  connections  used  for  the  wire-to- 
cyUnder  and  control  condensers,  the  cyclograph  coils  and  their 
switch  to  throw  them  in  series  with  either  condenser,  is  given  in 
Fig.  R3.  It  is  seen  at  once  that  a  local  circtiit  is  always  formed 
through  the  corona  wire  and  control  condenser  C\  and  Ct  and  the 
cyclograph  coils;  it  is  seen  also  that  when  the  coils  are  switched 
from  the  wire  to  the  control  condenser  they  are  reversed 
with  respect  to  this  local  circuit,  though  they  remain  direct 
with  respect  to  the  supply  voltage.     Under  these  circumstances 
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the  same  current  circtdating  in  this  local  circuit  would  necessarily 
be  recorded  in  the  Une  circuit  through  C\  in  one  phase  and 
that  through  C%  in  corresponding  phase  apposition.  Since 
this  is  precisely  what  appears  in  the  cyclograms  of  Fig.  R2,  those 
oscillations  therein  are  one  and  the  same.  It  follows,  therefore, 
that  the  same  process  that  subtracts  the  equivalent  or  control 
condenser  current  from  the  total  corona-condenser  current  to 
the  wire,  isolates  the  sum  of  once  the  corona  current  and  twice 
the  impact  oscillation,  current.  Is  not  this  the  case  also  in  the 
author's  oscillograms  such,  for  example,  as  No.  189?  The  fre- 
quency of  this  oscillation  is  2500. 

5.  This  cyclogram  shows  clearly  a  continuation  of  the  corona 
conduction  after  the  collapse  of  the  corona  envelope  and  while  the 
voltage  wave  is  passing  through  zero.     In  many  cyclograms 
made  with  conditions  differing  widely,  substantially  this  same 
thing  was  always  observed.     See  cyclogram  samples  hereof  in 
Figs.  5  and  6,  pp.  116  and  117,  Vol.  XXIII  of  the  1904  Trans- 
actions.  The  cyclograph  was,  however,  connected  directly  to  the 
wire.     The  author  observed  the  opposite  effect  at  cylinder.     It 
is  a  difference  that  invites  specula- 
tion as  to  the  cause.     It  seems  hardly 
likely  due  to  methods  of  measure- 
ment, and  may  possibly  be  due  to 
the  natural  facts. 

6.  The  corona  current  wave  of 
Fig.  Rl  restdting  after  discarding 
the  superimposed  parasitic  oscilla- 
tion must  be  further  corrected  for 
the  excess  of  the  wire  capacity  cur- 
rent with  respect  to  the  equivalent 
condenser  current  due  to  the  increase 
in  the  capacity  of  the  wire-to-cylinder  condenser  during  the 
existence  of  the  conducting  corona  envelope  covering  the  wire. 
This  is  not  a  large  correction  and  as  yet  our  knowledge  is  not 
sufficiently  complete  to  apply  it  with  exactness. 

7.  Ten  years  ago  we  did  not  know  about  the  importance  of 
cleaning  the  wire  to  get  consistent  results.  Consequently  we 
obtained  the  sharp,  sudden,  copious  ionization  recorded  in  Fig. 
Rl  only  at  the  outset  when  the  wire  was  "  clean."  In  a  series 
of  studies  extending  over  six  months  the  wire  was  never  cleaned. 
The  cyclograms  taken  and  preserved  in  the  latter  stages  of  this 
work  all  ^ow  a  much  more  gradual  start  and  formation  of  the 
copious  ionization. 

8.  With  the  aid  of  the  cathode  ray  power  oscillograph,  using 
electrostatic  control  only,  in  which  all  material  self-induction 
is  absent,  I  have  often  in  recent  years  made  a  direct  study  of 
corona  phenomena  on  short  high-voltage  lines  and  have  never 
found  any  evidence  of  the  presence  of  these  oscillations.  See  a 
sample  set  of  such  corona  power  cyclograms  in  Fig.  6,  p.  1096, 
Vol.  XXX  of  the  1911  Transactions.  Nevertheless  we  must 
not  fail  to  realize  now  the  great  importance  of  Professor  Bennett's 
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discovery.  Certainly  we  have  in  this  new  truth  a  clear  indication 
of  what  we  must  expect  to  find  in  an  open-ended  150-nule  trans- 
mission line  subjected  to  heavy  corona  at  the  middle*.  Again 
it  is  hereby  made  evident  that  any  corona-forming  over-volti^e 
to  which  a  transmission  may  be  subjected  accidentally  can  become 
a  source  of  high-frequency  effects  that  we  find  are  always  hard 
on  insulators  subjected  also  to  corona,  for  at  high  frequencies 
such  coronas  are  extremely  hot  and  most  effective  for  puncture 
or  fracture. 

9.  In  reference  to  the  happy  distinction  drawn  by  Professor 
Bennett  between  hypothetical  and  actual  gradients,  I  have 
tabulated  below  the  voltage  duties  of  the  individual  units  in  a 
six-unit  suspension  insulator  string  supporting  a  No.  0000  B.  &  S. 
gage  line  cable,  3.5  feet  from  the  ground,  so  that  corona  could  be 


No.  of7uuttUtor 
uniUJi 

Total   voltage   to    ground 

54.000                     100.000 

Per  cent  of  total    Per  cent  of  toUl 

Ground 

1 
2 
3 
4 
6 
6 
Conductor 

11.7                      11.7 
11.7         1             11.7 
13.3                      21.6 
22  0                       16.0 
22.3                      21.6 
19.0                      18.3 

ToUl     100.0                     100.0 

started  on  such  cable  at  about  63,000  volts  to  ground,  altitude 
3900  feet,  and  developed  in  profusion  when  this  voltage  was 
raised  to  110,000.  Such  voltage  duties  are  given  for  the  sub- 
corona  voltage  of  54,000  and  the  high  over-critical  corona  volt- 
age of   100,000. 

Several  tests  of  this  sort  were  made.  Always  corona  was  ob- 
served to  modify  the  original  form  of  the  field,  i.e.,  to  change 
the  hypothetical  gradient.  It  should  be  said  that  the  insulator 
units  did  not  develop  appreciable  visible  corona  at  the  upper 
voltage,  with  the  following  exception:  unit  No.  6,  next  to  the  Une 
conductor,  showed  a  very  faint  glow  visible  in  full  darkness  on 
the  imder  side  adjacent  to  the  "  pin  '*.  The  line  conductor  was, 
of  course,  ablaze  with  corona.  The  measurements,  although 
made  by  methods  in  which  we  have  had  little  experience  as  yet, 
are  believed  to  be  substantially  correct. 

•E.  L.  West,  High'Voliage  Line-Loss  Tests,  A.  I.  E.  E.  Transac- 
tions, Vol.  XXX,  1911,  p.  77. 
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EFFECTS  OF  ICE  LOADING  ON  TRANSMISSION  LINES 


BY    V.    H.    GREISSER 


In  a  number  of  papers  on  transmission  line  subjects,  which 
have  been  presented  before  this  Institute,  mention  has  been 
made  of  the  fact  that  wires  hung  from  suspension  insulators 
did  not  maintain  their  position  in  the  same  manner  as  when 
pin  type  insulators  were  used.  It  is  assumed  that  this  fact 
has  not  been  sufficiently  covered  to  show  the  importance  of 
such  change  of  condition  of  equilibrium,  and  therefore  a  rec- 
ord of  actual  experience  and  tests  may  prove  of  interest  to 
engineers  and  operating  companies.  A  brief  description  of 
the  tower  line  experimented  with  will  assist  in  making  the  sub- 
ject clearer. 

In  the  latter  part  of  1911,  The  Washington  Water  Power 
Company,  of  Spokane,  Washington,  finished  the  construction 
of,  and  placed  in  service,  a  double  circuit  tower  line  about  28 
miles  (45.1  km.)  long,  between  its  Little  Falls  power  station 
and  the  high-tension,  step-down  substation  near  Spokane. 

The  type  of  tower  used  is  shown  in  Fig.  1,  and  it  is  to  be 
noted  that  the  conductors  on  each  side  of  the  tower  were  spaced 
seven  feet  (2.13  meters)  from  each  other  in  a  vertical  plane. 
Each  conductor  was  a  nineteen-strand,  270,000-cir.  mil  (136.8 
sq.  mm.)  aluminum  cable.  Two  |-in.  (0.953  cm.)  diameter 
extra  galvanized  Siemens-Martin  steel  cables  were  attached 
to  the  top  of  the  towers  for  lightning  protection,  and  it  was 
interesting  to  find,  during  tests  on  a  tower,  that  these  cables 
also  have  a  very  great  effect  in  adding  stability  to  the  construc- 
tion of  the  line  as  a  whole.  Each  cable  was  suspended  from 
the  ends  of  the  crossarms  by  means  of  four  10-inch  (25.4  cm.) 
diameter  insulator  units  as  shown  in  Fig.  2,  the  length  of  the 
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complete  insulator  and  cable  damp  being  34j  inches  (87  cm.) 

from  the  center  of  cable  to  the  eye  at  the  end  of  the  crossarm. 

The  cable  clamp  (also  shown  in   Fig.  2)   consisted  of  two 

pieces  of  treated  hardwood  with  companion  grooves  in  which 


tT's  »//rOB  UPPCII  CAOM  •«■» 
IK '7  'V^V*  tWOOLt 

» 9V4'  rpiniiMffeftX(c$Ne'rfU~faro«ftio^iK>eA  Aft*. 

tt^OW'p*    LOWER 


HORIZONTAL  CROSS  BRACING 
AT  EACH  CROSS  ARM. 
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Pig.  1 — Standard  Towbr. 


the  cable  was  clamped  as  shown  in  the  drawing,  the  hardwood 
being  used  in  contact  with  the  altmiinum,  to  prevent  any  abra- 
sion after  the  clamp  was  tightened. 
An  arcing  rod  i  in.  (0.635  cm.)  square  was  placed  in  a  groove 
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on  the  upper  side  of  the  top  half  of  the  wooden  clamp,  this 
rod  being  intended  to  act  in  protecting  the  cable  in  case  an 
insulator  flashed  over.  There  have  been  so  few  of  such  insu- 
lator flash-overs  up  to  this  writing  that  no  extended  data  are 
available  as  to  the  usefulness  of  the  arcing  rods,  but  in  the  cases 
in  which  flash-over  occurred,  the  cable  was  protected  from  in- 


PlG.  2 


jurious  pitting  or  bums.  A  small  strip  of  sheet  aluminum 
was  used  to  connect  the  cable  to  the  metal  parts  of  the  clamp 
and  lower  insulator  unit  to  prevent  burning  or  digesting  of  the 
wooden  parts. 

The  standard  span  was  750  feet  (228  m.),  but  in  26.52  miles 
(42.7  km.)  of  actual  tower  line,  225  towers  were  used,  making 
an  average  of  about  625  feet  (190  m.). 
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The  heights  of  towers,  weights  and  number  used  were  as 
follows: 


Height  to  lowest  tuspeiMion 
from  grotmd  stub 

Number  used 

Wetghta  without  footing 

40  ft.  (12.2  m.) 
50  -    (15.2  m.) 
60  '    (18.3  m.) 
50  -    (15.2  m.) 

10 

189 

10 

16 

43151b.    (1060  kg.) 
5324   -     (2420  *  ) 
6300  "     (2800  -  ) 
6467  ■     (2030  ■  ) 

The  last  16  towers  enumerated  above  were  transposition 
towers. 

All  the  material  of  towers,  insulators  and  conductors  was 
tested  and  inspected  at  the  factories. 

This  line  was  put  into  operation  without  trouble,  and  operated 
thus  until  about  the  middle  of  December,  1911,  when  numerous 
short  circuits  occurred  without  any  apparent  cause.  Regular 
patrol  had  been  maintained,  but  during  a  few  days  of  fog  and 
frost  conditions  the  short  circuits  occurred  so  frequently  as  to 
make  the  line  almost  useless.  Though  a  large  number  of  men 
were  almost  continuously  along  the  line,  it  was  some  days 
before  the  cause  of  the  trouble  was  located,  in  fact  not  imtil 
the  trouble  had  ceased  could  enough  evidence  be  accumulated 
to  show  the  real  cause. 

It  was  then  found,  during  the  fogs,  when  hoar  frost  and 
ice  formed  on  the  cables,  that,  upon  the  weather  becoming 
warmer,  the  frost  and  ice  would  fall  from  the  cables,  but  not 
from  each  span  at  the  same  time,  and  the  loaded  spans  would 
increase  their  sags  and  at  the  same  time  decrease  the  sag  in 
adjacent  spans  and  deflect  the  suspension  insulators  until  a 
new  condition  of  equilibrium  was  established,  which  caused 
short  circuits  between  wires.  A  test  was  made  to  show  this 
fact,  by  loading  the  bottom  wire  of  one  span  with  seven  bags 
of  rock  equally  spaced  and  which  fairly  represented  the  load 
of  ice  that  had  been  known  to  accumulate  upon  the  cables. 

The  effect  upon  the  loaded  span  and  the  adjacent  spans  was 
rather  startling,  since  the  loaded  span  sagged  down  to  within 
13  ft.  (3.96  m.)  of  the  ground,  the  increase  in  sag  being  approxi- 
mately 20  ft.  (6.1  m.)  in  a  span  733  ft.  long  (223  m.). 

The  bottom  cables  of  unloaded  spans  at  either  side  became 
more  taut,  and  thus  reached  a  position  within  two  inches  (5.08 
cm.)  of  the  middle  cable  at  the  centers  of  those  spans,  the  middle 
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cables  being  normally  seven  feet  (2.13  m.)  above  the  bottom 
ones. 

The  instilators  supporting  the  loaded  span  were  deflected 
about  50  degrees  towards  it. 

Thus  it  will  be  seen  that  any  span  on  which  the  heavy  i<ie 
load  had  not  dropped,  and  which  had  adjacent  unloaded  spans, 
wotild  probably  short-circuit  a  line  with  vertical  spacing  of 
wires  as  described  above. 

A  number  of  observations  were  made  on  the  line  when  sleet, 
snow  or  frost  was  on  the  cables,  and  the  unstable  conditions 
of  the  spans  observed  were  so  startling  that  it  was  decided  to 
make  a  series  of  tests  to  determine  what  the  principal  features 
were  that  produced  the  changes  in  sag. 

It  was  desired  to  ascertain: 

First.  The  influence  on  the  loaded  span  of  the  elasticity 
of  the  cable. 

Second.     The  eflFect  of  swing  of  insulators. 

Third.  The  effect  of  using  strain  insulators  at  frequent 
intervals. 

Fourth.     The  combined  effect  of  the  above  conditions. 

These  tests  were  made  over  what  was  considered  at  the  time 
a  rather  large  range  of  eqtiivalent  ice  loading,  but  subsequent 
information  shows  that  weights  of  ice  greater  than  the  maximum 
used  in  these  tests  must  be  provided  for,  in  designing  lines  for 
some   localities. 

Reference  to  Fig.  3  will  show  the  experimental  line  con- 
structed. A  level  stretch  of  ground  was  selected  and  five  spans 
of  line  were  erected,  using  six  60  ft.  (18.3  m.)  cedar  poles  750 
feet  (228  m.)  apart  in  a  straight  line. 

Heavy  crossarms  were  attached  at  the  top  and  spaced  seven 
feet  (2.13  m.)  to  reproduce  the  same  spacing  of  arms  as  on  the 
steel  towers.  Four  units  of  the  disk  insulator  type  were  at- 
tached to  the  ends  of  the  arms,  these  tmits  giving  identical 
suspension  with  that  on  the  towers.  The  insulators  weighed 
about  46  lb.  (20.9  kg.). 

Aluminum  cables  of  270,000  cir.  mils  (136.8  sq.  mm.)  section 
(the  same  as  on  the  towers)  were  then  strung  on  the  insulators, 
the  ends  being  dead-ended  at  the  first  and  sixth  poles.  This 
cable  weighed  approximately  1315  lb.  (595  kg.)  per  mile  (1.61 
km.),  with  an  average  ultimate  strength  of  24,000  lb.  (10,900  kg.) 
per  square  inch  (6.45  sq.  cm.)  and  an  elastic  limit  of  approxi- 
mately 14,000  lb.  (6350  kg.)  per  square  inch  (6.45  sq.  cm.). 
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The  cable  was  strung  according  to  a  temperature-tension 
curve  based  on  a  maximum  condition  of  stress  of —30  deg.  fahr. 
(—34.4  deg.  cent.)  with  \  in.  (0.635  cm.)  of  solid  ice  around  the 
cable  and  with  a  60-mile  (96.5-km.)  (actual  velocity)  wind 
blowing  at  right  angles  to  the  line.  Under  this  condition  the 
cable  would  be  stressed  to  the  elastic  limit  as  given  above. 

The  crossarms  and  poles  were  rigidly  guyed,  with  tiunbuckles 
in  the  guys  to  maintain  poles  and  arms  in  a  constant  position. 

Marker  poles  were  set  up  at  the  center  of  each  span  to  measiu^e 
the  sags  and  changes  in  sags.  Transits  were  used  to  determine 
any  movement  of  arms  or  poles. 

During  the  tests  described  below  the  temperatiu-e  ranged 
between  58  deg.  fahr.  (14.4  deg.  cent.)  and  72  deg.  fahr.  (22.2 
deg.  cent.),  but  the  influence  of  this  change  of  temperature 


)N^TCH  CUOCK 


Fig.  3 — Experimental  Line  Constructed  near  Jamieson, 
Wash.,  to  Determine  the  Effect  of  Ice  Loadings  on  Long  Spans 
OP  Aluminum  Wires,  Using  Suspension  and  Strain  Insulators. 


was  found  to  be  so  small  as  to  be  beyond  the  accuracy  of  the 
test.     No  wind  was  blowing  at  the  time  of  taking  readings. 

To  reproduce  as  nearly  as  practicable  the  condition  of  ice 
loading  on  the  conductors  of  the  steel  tower  line,  seven  con- 
centrated loads  were  hung  from  the  conductor,  equally  spaced 
in  the  span. 

This  is  not  an  exact  representation  of  ice  load  on  a  cable, 
yet  loads  so  spaced  wotild  give  results  comparable  with  those 
under  operating  conditions,  since  it  has  been  observed  that 
ice  or  sleet  forming  on  wires  does  not  do  so  with  mathematical 
uniformity. 

The  vertex  of  the  span  is  shown  plotted  in  the  curves,  and  is 
measured  on  all  three  cables  from  the  same  common  point. 

It  is  also  to  be  remembered  in  this  connection,  that  the  three 
conductors  were  normally  seven  feet  (2.13  m.)  apart  in  the  verti- 
cal plane. 
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.  First  TesL  The  middle  cable  in  span  3  (see  Fig.  3)  was  loaded 
with  various  amounts  to  represent  ice  loading.  The  sags  of 
each  span,  insulator  deflections,  and  the  distance  were  measured 
from  the  nearest  pole  to  the  point  where  the  middle  cable 
crossed  the  cable  below. 

This  is  equivalent  to  having  strain  insulators  every  five 
spans  with  ice  loading  on  the  middle  span  and  with  the  other 
spans  bare. 
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Pig.  4 — First  Test. 

Middl«  wire  in  ipan  3  loaded. 


The  results  are  plotted  in  Figs.  4,  5  and  6. 

Second  Test.  The  middle  cable  in  span  1  was  loaded,  this 
being  a  test  having  the  equivalent  of  a  strain  insulator  at  one 
end  of  the  span. 

This  test  shows  the  different  deflections  of  instilators  and  sags, 
and  gives  an  idea  of  the  decreasing  effect  in  the  spans  out  along 
the  line.    Curves  in  Figs.  7,  8  and  9  apply  to  this  test. 

Third  TesL    All  tension  on  the  middle  cable  in  spans  2  and  4 
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affecting  span  3  was  taken  out,  and  the  insulators  on  poles 
3  and  4  were  allowed  to  swing  towards  span  3. 

This  test  shows  the  great  increase  in  sag  due  to  swing  of  the 
insulator  alone,  and  a  further  increase  of  sag  (but  of  compara- 
tively small  amount  in  proportion)  due  to  the  elastic  properties 
of  the  wire. 

Reference  to  curves  in  Figs.  10, 11  and  12  will  show  the  results. 

Fourth  Test,    Strain  clamps  were  placed  on  the  ends  of  the 
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Fig.  5 — First  Test 

Middle  wire  in  span  3  loaded.    Curvet  show  deflections  of  insulators  holding 
middle  wire. 


middle  cable  in  span  3,  and  therefore  the  various  loadings 
applied  showed  the  effect  of  the  elastic  properties  of  the  cable 
alone. 

Pig.  13  covers  this  test. 

The  results  of  the  above  tests  showed  that  for  this  particular 
tower  line,  its  combination  length  of  spans,  size  and  material 
of  wire,  and  the  character  of  weather  conditions,  called  for  a 
change  in  arrangement  of  conductors  from  the  vertical  plane. 
Therefore  the  point  of  attachment  to  the  crossarm  of  the  top 
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insulator  was  moved  in  towards  the  tower,  the  middle  cross- 
arm  lengthened  and  the  attachment  to  the  bottom  arm  left 
as  originally  constructed. 

The  conductors  were  then  no  longer  in  a  vertical  plane,  and 
one  winter's  experience  has  shown  no  short  circuit,  though  the 
horizontal  clearance  between  vertical  planes  through  the  cables 
is  not  as  much  as  would  be  provided  on  a  new  tow^r. 

The  conclusions  to  be  drawn  from  this  experience  are  more 
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ice  thickness  in  inches 
Fig.  6 — First  Tbst 

Middle  wire  in  span  3  loaded.    Bottom  wire  unloaded. 


than  simply  the  advisability  of  changing  wires  arranged  in  a 
vertical  plane,  since  it  is  also  a  fact  that  with  long  spans  and 
wires  arranged  in  a  horizontal  plane,  although  the  conductors 
will  no  longer  cause  short  circuits,  they  will  nevertheless  sag 
down  within  unsafe  distances  of  the  ground. 

Therefore,  in  designing  a  transmission  line  with  suspension 
insulators,  a  more  careftil  examination  shotild  be  made  of  all 
the  mechanical  feattu'es  of  the  construction  under  consideration. 

It  is  obvious  that  the  length  of  span  should  be  adjusted  to 
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the  material  and  size  of  the  conductor,  to  the  weather  condi- 
tions experienced  or  expected,  the  voltage  of  the  line,  and  there- 
fore the  length  of  the  suspension  insulators.  The  question  of 
right  of  way  also  must  be  considered,  and  the  final  test  of  the 
allowable  amount  of  expenditure  for  the  service  to  be  performed 
by  the  line,  will  set  the  limits  of  construction. 

Since  a  -conductor  should  be  strung  with  due  regard  to  the 
maximum  stress  at  low  temperature,  ice  and  wind  loading 
(as  estimated  from  records  in  the  district  where  a  line  is  to  be 
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Fig.  7— Sbcond  Tbst 

Middle  wire  In  tpan  1  loaded. 


constructed),  it  is  plainly  desirable  that  a  conductor  having 
the  highest  elastic  limit  should  be  selected. 

If  the  electrical  characteristics  of  high  strength  steel  cable 
and  its  price  made  it  worthy  of  consideration,  it  should  be  ob- 
vious that  the  steel  cable  could  be  strung  in  such  a  flat  caten- 
ary that  the  loading  of  ice  on  one  span  with  adjacent  spans 
unloaded,  would  not  cause  very  much  transference  of  sag  to 
the  loaded  span. 

The  use  of  such  cable  would  of  course  require  strain  insulators 
at  suitable  points  to  maintain  its  position,  especially  at  places 
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where  change  of  grade  occurred.  The  use  of  steel-cored  alumi- 
num or  steel-cored  copper,  or  of  bimetallic  cable  composed  of 
steel  wires  surrounded  by  copper,  and  hard  drawn  copper  of 
the  highest  strength,  can  all  be  considered  with  reference  to 
the  length  of  span  and  sag  when  using  suspension  insulators. 
The  tests  described  show  the  great  influence  of  length  of 
insulator  on  the  increased  sag,  and  it  appears  that  notwith- 
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Pig.  8 — Second  Test 

Middle  win  in  ipAii  1  loaded.    Cunree  ahow  deflectione  of  iniuUton  boldiiig 
middle  wire. 


Standing  the  great  advance  made  by  instilator]^designers  in 
bringing  out  the  suspension  type,  definite  endeavor  should  be 
made  to  shorten  up  the  insulators  as  much  as  is  practical,  es- 
pecially for  high-voltage  work,  where  long  length  of  insulators 
and  small  light-weight  conductors  both  tend  to  aggravate  the 
effects  shown  in  this  paper. 
One  of  the  most  difficult  features  to  consider  is  that  of  weather 
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effects,  especially  the  simultaneous  conditions  of  low  tempera- 
ture, ice orsleet and  wind.  This  is  especially  true  in  the  West, 
where  Government  weather  stations  are  not  located  near  each 
other,  and  where  the  district  to  be  traversed  by  a  line  is  sparsely 
settled.  There  is  then  no  fund  of  information  on  which  to 
draw,  and  the  general  judgment  of  the  engineer  must  be  re- 
lied upon.  The  engineer  should  inform  himself  on  the  method 
of  formation  of  sleet  and  frost,  and  as  to  the  general  topography 
of  the  surrounding  district,  and  the  source  and  direction  of 
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Pig.  9 — Second  Test 

Middle  wire  in  Bpan  1  loaded.    Bottom  wire  unloaded. 


travel  of  the  storms  which  will  reach  the  line.  Such  general 
information  can  usually  be  secured. 

In  the  case  of  the  tower  line  described  above,  it  can  be  stated 
that  the  line  runs  in  a  northwesterly  direction  from  Spokane, 
and  is  at  an  average  altitude  of  about  2000  feet  (610  m.)  above 
sea  level. 

Two  specific  kinds  of  trouble  were  experienced,  one  due  to 
very  heavy  hoar  frost  being  deposited  by  fogs  from  the  Colum- 
bia River  valley  to  the  southwest,  and  which  melted  rapidly 
as  the  fog  lifted  and  the  sun  came  out,  this  melting  usually 
occurring  on  the  different  spans  at  different  rates. 
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The  other  weather  effect  was  the  deposition  of  wet  snow 
driven  by  a  hard  wind  from  the  southwest,  approximately  at 
right  angles  to  the  line.  This  wet  snow  load  sometimes  froze 
solid  and  was  of  tmusual  shape.  The  outside  contour  of  the 
snow  was  approximately  that  of  a  flattened  ellipse  with  the 
conductor  at  one  focus,  the  snow  adhering  and  piling  up  on 
the  windward  side  of  the  conductor,  but  not  on  top.     It  has 


u 

T< 

••^u. 

•PANi 

li 

16 
18 

1 

-HilM 

bOAOl 

D^ANB 

BEFO 

IC-WU 

Mh. 

AN*^ 

-AND- 

^A» 

Otff- 

28 
84 

86 

LottJ 

M^U 

•PAN 

\ 

88 

ao 

38 
34 
86 
36 
40 

1 

WOO 

«-L<V 

0€DAi 

10  An 

EA-WI 

^ 

|P»W8 

fe"AN0|4  WAI 
1    l" 

CUT 

"T 

.OejMX«j08.1  .8  .3  A  .6 

ice  thickness  in  inches 
Pig.  10— Third  Test 

AU  tennon  in  the  middle  wire  in  simiib  2  and  4  was  taken  out  and  the  insulators  on  the 
middle  wire  in  span  3  allowed  to  swing  toward  span  3.  Span  3  was  then  loaded.  This  was 
equiralent  to  cutting  the  wires  in  spans  2  and  4  near  the  insulators  at  poles  3  and  4. 


also  been  found  that  heavy  fogs  would  deposit  in  the  same 
manner. 

Authentic  reports  on  ice  loading  of  telephone  and  high-ten- 
sion wires  in  this  district  show  that  the  dimensions  of  such 
deposits  have  been  about  1}  inches  (3.81  cm.)  in  the  vertical 
plane  by  3|  inches  (8.9  cm.)  in  the  horizontal,  on  a  No.  9  B.w.g 
telephone  wire,  the  weight  per  foot  (0.3048  m.)  of  deposit  being 
0-8  lb.  (0.363  kg.),  all  by  actual  measurement. 
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In  another  case  of  a  No.  0  aluniinum  cable,  the  dimensions 
of  the  deposit  were  1}  inches  (4.45  cm.)  thick  by  6  inches 
long   (15.2  cm.). 

The  outside  surface  of  such  deposits  is  very  rough  and  it  is 
useless  to  use  the  ordinary  formula  in  calctilating  wind  pres- 
s\u*e,  as  the  surface  is  more  nearly  that  of  a  plane  than  a  round 
smooth  wire  or  stranded  conductor. 

In  the  cases  of  wet  snow  deposits,  a  high  wind  usually  ac- 
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Fig.  11— Third  Tbst 

CurTM  ■how  deflections  of  ineulaton  holding  middle  wife  In 


companied  the  snow,  with  the  temperature  around  the  freezing 
point. 

Financial  considerations  will  generally  limit  the  reduction 
of  length  of  span,  but  a  carefully  made  total  cost  curve  of  dif- 
ferent tower  spacings  will  frequently  show  that  the  cost  over 
a  wide  range  of  spacing  is  very  nearly  constant.  This  is  es- 
pecially true  if  the  proper  allowances  are  made  on  cost  of  towers, 
etc.,  for  the  different  spacings.  In  such  cases,  some  considera- 
tion should  be  given  to  the  smaller  maintenance  expense  and 
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Fig.  12 — Third  Test 

Bottom  wire  unloaded. 
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Pig.  13 — Fourth  Test 

Stndn  dampe  were  placed  on  the  middle  wire  in  span  3  and  the  wire  fattened  solidly 
to  the  croesarma.  Span  3  was  then  loaded.  This  was  equiralent  to  a  line  with  strain 
insulators  at  every  tower. 
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more  reliable  operation  of  the  shorter  spans,  and  the  final 
tower  spacing  chosen  with  all  these  facts  in  mind. 

It  is  hoped  that  this  paper  will  not  be  construed  as  condemn- 
ing long  spans  or  suspension  insulators,  for  such  is  not  the 
intention,  but  it  is  desired  to  show  that  transmission  lines 
should  be  built  with  due  regard  to  all  the  stresses  which  will 
develop  in  the  supporting  structures  and  conductors,  if  good 
service  and  low  maintenance  and  operating  costs  are  desired. 
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MOUNTAIN  RAILWAY  ELECTRIFICATION 
A  Study  of  the  Tbhachapi  Pass 

BY  ALLBN  H.  BABCOCK 


Dining  the  past  ten  years  the  Southern  Pacific  Company 
has  investigated  the  question  of  electrification  of  its  three  out- 
lets from  the  central  valleys  of  California,  north,  over  the 
Siskiyou,  east,  over  the  Sierra,  and  south,  over  the  Tehachapi. 
The  earlier  reports,  inspired  directly  or  indirectly  by  manufac- 
turers as  a  part  of  their  propaganda  program,  were  favorable  to 
electrification.  The  railway  company  then  began  studies  of  the 
subject,  independently.  The  conclusions  of  its  officers  were 
unanimously  opposed  to  electrification,  by  reason  of  the  financial 
results  to  be  anticipated;  however,  some  of  its  lines  have  been 
electrified,  and  other  electric  lines  have  been  acquired  for  good 
reasons. 

Lately  there  has  been  a  constant  and  persistent  pressure  put 
upon  the  company  officials,  by  both  power  companies  and  con- 
sulting engineers,  to  reconsider  decisions  adverse  to  electrifi- 
cation, decisions  that  were  made  after  patient  and  thorough 
study,  and  in  the  face  of  the  fact  that  to  be  connected  with  any 
such  important  engineering  work  as  these  installations  would 
be,  would  fire  the  professional  imagination  of  any  engineer 
worthy  of  the  name.  Just  how  much  of  this  agitation  has  been 
due  to  the  application  of  general  statements  regarding  the  benefits 
to  be  secured  by  electrification,  to  the  particular  problems  pre- 
sented by  west  coast  mountain  railroading,  is  hardly  susceptible 
of  direct  determination.  It  is  possible,  however,  that  much  of  it 
is  due.  to  the  effect  that  such  hypothetical  studies  and  papers  as 
have  been  published  recently,  have  produced  upon  executives, 
who,  however  skilled  they  may  be  in  their  specialties,  only  in 
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rare  instances  are  sufficiently  experienced  technically  to  be 
capable  of  forming  independent  opinions  on  engineering  matters. 
It  is  a  fact  that  reports  adverse  to  electrification  in  th^  hands  of 
these  same  executives,  often  cause  disappointment  and  some- 
times arouse  criticism. 

Here,  then,  are  two  opposing  parties;  the  one  with  things  to 
sell,  (apparatus,  power,  engineering  skill),  the  other  with  a  service 
to  be  maintained,  at  decreased  cost  if  possible,  but  maintained 
at  any  cost  it  must  be:  the  first  reports  favorably  upon  projects 
that  the  second  considers  unfavorably  with  equal  positiveness. 
Some  things  must  be  unknown  to  both.  Either  the  radicals 
have  not  all  the  facts  upon  which  to  work,  or  the  conservatives 
cannot  interpret  their  facts  correctly. 

Words  have  been  multiplied  with  reference  to  the  subject  imtil 
aspiring  authors  well  may  pause  before  adding  fuel,  not  to  say  fat 
to  the  fire;  but  it  is  with  these  thoughts  in  mind  this  paper  is 
written,  not  with  the  intent  to  offer  anything  original  in  the 
study  of  such  problems  but  to  give  the  facts  of  a  typical  west 
coast  mountain  railroad  district  and  their  interpretation  as  seen 
by  one  whose  reports  heretofore  have  been  responsible  for  many 
advef>se  decisions  in  such  matters. 

It  is  not  intended  to  be  the  final  word  on  the  subject  of  electri- 
fication of  this  district,  but  it  is  the  result  of  a  study  recently 
made  to  determine  whether  there  was  such  a  reasonable  chance 
for  profitable  electrification  as  would  warrant  a  very  considerable 
expense  in  time  and  money,  such  as  was  incurred  a  few  years 
ago  in  an  exhaustive  and  final  study  of  the  Sierra  problem,  for 
example. 

If  through  the  facts  given  herein,  and  in  the  discussion  thereof, 
a  better  mutual  understanding  will  be  reached,  its  purposes  will 
have  been  served. 

Physical  Characteristics 

West  Slope,  Bakersfield  to  Summit 49)  miles 

Vertical  rise 3764  ft. 

Average  grade 1 .44  per  cent 

Average  curvature  equal  to  a  constant  3  deg.  curve. 
Total  curvature,  7944  deg.,  of  which  6969  deg.  are  between  Caliente 
and  Summit  (27.2  mi.).     The  loop  curve  has  a  total  cuivature 
of  566  deg.  33  min.  12  sec. 

East  Slope,  Mojave  to  Summit 18.3  miles 

Vertical  rise 1286  ft. 

Average  grade 1 .  33  per  cent 

Average  curvature  (as  above) 0 .  79  deg. 

Total  curvature 766  deg. 
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The  ruling  grade  on  each  slope  is  2.2  per  cent,  but  these  grades 
are  not  compensated  for  curvature  so  that  in  effect  the  ruling 
grade  is  2.4  per  cent.  The  maximum  grades  are  long  enough  to 
fix  the  weight  and  power  of  the  locomotives.  The  average 
distance  between  sidings  is  three  miles,  approximately. 


NOTE- 
ELEVATIONS  ARE  PROFILE  GRADE 
S.P.R.R.  DATUM 


MAXIMUM  GRADE  (fEET  per  mile) 


CURVED 

LINE 
(MILES) 


FROMOTOe^lNCL. 


6  01  ••  8' 


8*01  '•  10" 


11.34 


2.38 


7.67 


2M  or  10^01  A  OVCR 


6.44 


TOTAL  ASCENTS  EAST 


(FEET) 


3686.886 


5.6 


WEST         ( 


) 


76.885 


1285.03 


tot  vl  curvature  7944'  76  5 ' 

Fig.  1 — Condensed  Profile,  Tehachapi  Pass 


In  determining  energy  consumption  of  trains  moving  over  the 
mountain  the  actual  characteristics  of  the  line  were  used,  (see 
Appendix  K),  but  in  determining  load  diagrams  and  substation 
spadngs  and  capacity,  the  following  close  approximations  were 
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made  to  take  care  of  the  riding  grade,  curves,  etc.  (For  their 
application  see  Appendix  A.) 

Section  Miles  Average  grade 

Bakersfield  to  Edison 7.2  0.6  per  cent 

Edison  to  Caliente 16.1  1.6    "       " 

Caliente  to  Summit 27. 2  2.4*       • 

Mojave  to  Cameron 10.8  2.4    •       • 

Cameron  to  Summit 7.5  0.75  *       * 

I  The  average  freight  train,eastbound,  weighs  2000  tons, exclusive 
of  locomotives.  Foiu:  consolidation  or  decapod  type  locomotives, 
or  their  equivalent  in  Mallet  compounds,  are  used  to  haul  this 
train  from  Bakersfield  to  Summit.  From  Summit  to  Mojave 
one  locomotive  is  used  for  supplying  air  for  brake  purposes,  etc., 
and  the  other  three  rettim  deadhead  to  Bakersfield.  The  west- 
bound freight  trains  are  lighter  than  the  eastbound  on  account 
of  the  fact  that  much  of  the  western  movement  consists  of  empty 
cars.  The  normal  weight  is  1250  tons,  hauled  by  three  con- 
solidation locomotives,  or  their  equivalent  in  Mallets;  or  a  1500- 
ton  train  operated  by  three  consolidation  or  decapod  locomotives, 
or  their  equivalent  in  Mallets.  The  helper  engines  cut  out  at 
Stmimit  and  return  light  to  Mojave. 

In  order  to  provide  a  flexible  unit  it  was  proposed  to  use  an 
electric  locomotive,  capable  of  handling  a  train  unit  of  500  tons, 
as  many  per  train  to  be  used  as  the  weight  of  the  train  requires. 
The  weight  of  the  electric  locomotives  is  assumed  at  100  tons. 

Passenger  train  weights  vary  from  250  tons  to  600  tons,  for 
which  a  single  passenger  locomotive  weighing  150  tons  was  pro- 
vided. A  maximum  freight  train  movement  over  the  mountain 
recently  consisted  of  twelve  ftdl-size  freight  trains,  eastbound, 
and  eight  full-size  freight  trains,  westbound,  in  addition  to  the 
normal  passenger  movement,  which  is  seven  regular  trains  each 
way  per  day,  with  occasional  extras  and  second  sections. 

The  track,  particularly  on  the  west  slope,  is  laid  for  the  greater 
part  of  the  distance  in  rough  country,  in  fact  between  mile  posts 
326  and  361  all  the  track,  with  the  exception  of  a  short  stretch 
near  Calient^,  is  in  cuts  or  on  fills.  It  may  be  said  generally 
that  at  least  half  the  track  is  laid  in  conditions  where  any  over- 
head contact  system  would  require,  necessarily,  very  expensive 
steel  pole  or  bridge  construction.  In  addition  to  the  above,  there 
are  18  tunnels,  in  none  of  which  the  vertical  clearance  is  more 
than  18}  ft.,  and  60  per  cent  of  their  total  length  is  on  10-deg. 
curves.    A  detailed  list  of  tunnels  is  given  in  Appendix  L-1. 
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Experience  with  similar  earlier  reports  has  shown  that,  in 
general,  there  is  little  difference  in  total  first  cost  and  annual 
operating  costs,  whether  an  overhead  system  or  the  third  rail 
system  be  considered.  A  double  overhead  contact  system  gives 
maximum  first  cost  and  operating  costs  for  contact  system,  and 
minimum  weights,  costs  and  maintenance  of  locomotives;  a 
single  overhead  contact  system  gives  high  first  cost  and  operating 
costs  for  contact  system,  with  maximum  weights  and  mainten- 
ance of  locomotives;  the  third  rail  gives  high  first  cost  and  mini- 
mtmi  operating  cost  of  contact  system,  medium  locomotive 
weights  and  first  costs,  with  minimum  operating  costs,  but  the 
total  costs  are  brought  up  to  the  level  of  the  others  by  reason 
of  the  necessary  substation  apparatus  and  attendance.  A 
choice  of  systems  therefore  is  to  be  made  only  after  an  exhaustive 
study  of  all  the  local  conditions. 

In  a  preliminary  study,  as  this  is,  it  matters  little  what  par- 
ticular system  of  propulsion  is  chosen,  upon  which  to  base  the 
estimates.  For  the  purposes  of  this  discussion  a  2400-volt 
continuous-current,  third-rail  contact  system  was  selected  for 
the  main  line,  with  an  overhead  contact  system  in  yards  and 
terminals,  at  Kern,  Bakersfield  and  Mojave. 

In  the  following,  the  First  Costs  are  based  on  the  present 
traJBSc  as  shown  by  the  train  dispatcher's  sheets;  the  Annual 
Operating  Costs  are  taken  from  the  reports  of  the  fiscal  year 
ending  June  30, 1912,  for  steam  operation,  while  the  same  traffic 
and  reports  are  used,  as  far  as  they  apply,  in  estimating  the  costs 
for  electric  operation. 

First  Costs 
Substations,  Appendix  A $1,610,000 


Generating  station, 
Transmission  system, 
Contact  system  (yards) — 

•"  •        (Une), 

Bonding, 
Block  signals. 
Shops  and  inspection  shed. 
Electric  locomotives, 


B 1,760,000 

C 430,050 

C 166.250 

A 826,000 

A 122,300 

D 176,000 

E 10,000 

P 2.086,000 


Total $7,172,600 

Credit  by  steam  locomotives  released 

for  service  on  other  divisions,  Appendix  G 1,464.900 


Net  first  cost $6,707,700 
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Annual  Operating  Costs 
(St  earn -generated  power)  Steam        Electric 

Substation  labor  and  supplies,      Appendix  A $59,700 

Power  house  labor  and  supplies  *         B 84,780 

Transmission  and  contact  system 

maintenance,  •        C 36,576 

Maintenance  of  way  as  affected 

by  locomotives,  *         H $126,890         83,285 

Locomotive  repairs,  "         1 270,990         70,701 

Loco,  enginemen,  (passenger),  *        J 48,300         29,100 

Fuel,  «         K 240,852       100,530 

$687,032     $464,672 

Bond  interest  at  A\  per  cent  on  net  first  cost. .  . .  256,847 

Totals $687,032     $721,519 

Net  loss,  $34,487 

In  the  above  no  account  is  taken  of  items  not  affected  by  char- 
acter of  motive  power:  freight  enginemen,  and  all  train  crew 
wages,  repairs  to  cars  and  maintenance  of  way  as  affected  by 
cars — ^for  example. 

The  net  loss  under  proposed  electric  operation  is  so  small  that 
it  might  be  wiped  out  by  a  reasonably  small  change  in  the  as- 
sumptions; in  fact,  at  this  stage  of  similar  investigations  often 
there  is  a  temptation  to  search  for  opportunities  to  change  this, 
or  to  modify  that,  as  the  necessities  of  the  case  demand.  This 
important  fact  should  be  borne  in  mind,  however,  that  in  the 
foregoing  no  accotmt  is  taken  of  taxes  and  depreciation,  both  of 
which  must  be  paid,  some  time,  by  some  one,  to  the  extent  of 
at  least  5  per  cent  of  the  net  investment,  which  increases  the 
net  loss  by  approximately  $285,000  per  year. 

It  may  be  asked,  why  is  depreciation  not  taken  into  account 
in  the  usual  manner?  The  answer  is,  since  there  is  a  loss,  or  at 
least  no  profit  shown,  and  since  to  add  depreciation  would  be 
to  make  a  bad  matter  only  worse,  nothing  is  to  be  gained  by 
entering  into  the  academic  discussions  that  inevitably  follow  the 
opening  of  a  subject  concerning  which  opinions  reasonably  may 
differ  as  widely  as  on  this  much  disputed  particular. 

But  power  may  be  purchased,  as  is  often  suggested  by  those 
with  power  for  sale,  hence  it  is  proper  to  determine  at  what 
rate  this  power  may  be  purchased  and  come  out  even  as  compared 
with  operation  by  steam-generated  power.  Obviously  any  rate 
less  than  this  will  be  profitable. 

With  purchased  power,  the  total  investment  will  be  diminished 
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by  the  costs  of  20  miles  of  transmission  line  and  of  the  generating 
station,  it  being  assumed  that  power  will  be  delivered  at  some  one 
point  on  the  right-of-way,  whereas  local  conditions  located  the 
steam  station  20  miles  off  the  right-of-way   (see  Appendix  B). 

The  net  first  cost  was $5,707,700 

Transmission  line,  Appendix  C $120,000 

Generating  station  '^        B 1,760,000      1,880,000 

Leaving  a  net  investment  with  power  purchased $3,827,700 


Annual  Operating  Costs 
(Power  purchased) 


Steam        Electric 


Substation  labor  and  supplies.      Appendix  A. . . .  $69,700 


Transmission  and  contact  systems 

maintenance, 

« 

c... 

35,576 

Maintenance  of  way  as  affected  by 

locomotives, 

tt 

H.... 

.      $126,800 

83,285 

Locomotive  repairs. 

« 

I 

270,990 

70,701 

Loco,  enginemen,  (passenger), 

a 

J.... 

48,300 

29,100 

Fuel.  «        K...        240.862 


$687,032     $278,362 
Bond  interest  at  4  J  per  cent  on  net  first  cost ....  172,247 


Totals $687,032     $460,609 

The  diflference,  $236,423,  should  be  decreased  by  $191,385, 
(the  approximate  tax  and  depreciation  rate  of  5  per  cent  on  the 
net  investment  of  $3,827,700),  and  there  is  left  the  wholly  in- 
adequate sum  of  $45,038  with  which  to  purchase  53,000,000 
kw-hr.  at  a  load  factor  of  about  20  per  cent;  with  no  profit 
to  show  for  an  investment  of  nearly  $4,000,000. 

For  the  sake  of  the  argument  let  the  depreciation  be  neglected 
and  let  it  be  considered  that  $236,423  are  available  for  the  pur- 
chase of  power  under  the  operating  conditions  of  the  service.  At 
any  time  there  may  be  four  passenger  and  f otu:  freight  trains 
pulling  up  hill  simtdtaneously,  taking  a  total  of  32,720  kw. 
alternating-current  input  to  the  line.  This  is  not  the  maximum 
number  of  trains  that  is  on  the  mountain  regularly,  but  represents 
only  those  taking  power.  A  slight  derangement  of  schedules, 
or  an  extra  freight  movement,  citrus  fruits  or  oil,  or  a  blockade, 
for  example,  will  cause  congestion  beyond  any  possibility  of 
estimating.  This  traffic  must  be  handled  as  circumstances  re- 
quire. It  cannot  be  spaced  conveniently  for  power  demands, 
as  many  engineers  and  power  men  have  suggested,  but  the  term 
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inal  yards  must  be  cleared  as  the  cars  accumulate.  Is  there 
any  power  company  in  the  west  coast  cotmtry,  or  even  beyond 
the  reach  of  such  a  natural  power  source  as  Niagara,  that  would 
care  to  tmdertake  such  a  load  for  any  such  yearly  return  as  that 
named  in  this  paragraph?  It  would  net  about  4}  mills;  a  rate 
that  neither  the  purchaser  nor  the  seller  could  aflFord  to  consider. 

In  the  face  of  the  foregoing  it  is  difficult  to  see  how  any  recom- 
mendation in  favor  of  electrification  can  be  made,  if  the  opinion 
is  based  on  the  direct  financial  profit  to  be  realized;  in  other 
words,  this  case  is  merely  another  example  of  the  fact  often  noted, 
that  in  the  great  majority  of  cases  the  profits  from  electrification 
must  be  realized  indirectly  rather  than  directly  ,= — ^increased 
track  capacity,  postponing  second-  or  double-tracking,  or  the 
like. 

It  may  be  urged  that  a  larger  district  would  make  a  better 
showing.  In  this  connection  it  may  be  noted  that  the  line  from 
Bakersfield  to  Summit  is  almost  identical  with  half  of  the  line 
assumed  in  Mr.  Hobart's  paper  on  2400- Foft  Railway  Electri- 
fication* On  each  side  of  the  summit  Mr.  Hobart's  assumed 
line  is  3800  ft.  rise  in  48  miles  with  the  ruling  grade  of  2.2  per 
cent,  while  the  west  slope  of  the  Tehachapi  is  49J  miles,  rise  of 
3764  ft.  and  a  niling  grade  of  2.4  per  cent.  Also  Mr.  Hobart 
assumes  freight  train  weight  on  heavy  days  of  1800  tons  as 
against  2000  tons  on  the  Tehachapi.  Furthermore,  the  Sierra 
study  covered  a  district  more  than  double  the  length  of  the  Te- 
hachapi, and  the  result  was  the  same. 

In  the  various  appendices  will  be  found  complete  details  of 
all  the  elements  of  the  investigation,  as  noted  by  the  cross 
references  given  after  the  various  items  of  the  tabtdations  herein. 

Acknowledgments  are  hereby  made  to  Mr.  G.  W.  Welsh  and 
Mr.  F.  E.  Geibel,  both  assistant  engineers  in  the  electrical  engi- 
neer's office.  Southern  Pacific  Company,  for  assistance  in  the 
preparation  of  this  paper.  The  former  made  a  thoroughly 
painstaking  study  of  the  problem  as  a  whole,  and  to  the  latter 
is  due  the  novel  method  of  determination  of  substation  spacing 
and  capacity  as  detailed  in  Appendix  A. 

APPENDIX  A 
Substations 
Substation  Spacing  and  Heating  Loads.    It  is  not  the  purpose 
here  to  go  into  a  theoretical  discussion  of  the  economical  spacing 
*See  p.  1149,  this  volume. 
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of  substations,  balancing  off  the  losses  and  fixed  charges  of  the 
distributing  system  against  the  losses  and  fixed  and  operating 
charges  of  the  substations.  Any  such  discussion  requires  the 
lengthy  consideration  of  various  operating  conditions  which 
seldom,  if  ever,  are  obtained  in  practise;  hence  the  determination 
leads  nowhere. 

The  following  is  simply  a  brief  description  of  a  very  convenient 
and  quick  method  of  determining  the  feeder  and  substation  lay- 
out in  preliminary  studies  of  the  electrification  of  mountain 
divisions  of  steam  railroads.  The  method  was  developed  by 
Mr.  F.  E.  Geibel,  assistant  engineer,  Southern  Pacific  Company, 
in  the  original  study  of  the  problem. 

The  conditions,  as  set  forth  in  the  general  study,  require  an 
average  train  speed  over  the  electrified  section.  It  is  therefore 
necessary  to  maintain  an  average  voltage  over  the  sections  be- 
tween substations.  Formulas  for  the  average  volts  drop  over 
the  section  were  deduced  as  follows: 

Let  L  =  distance  in  miles  between  substations. 

/    =  ciurent  per  train  in  amperes. 

R  =  resistance  of  distributing  system  in  ohms  per  mile 
of  circuit. 

A  =  distance  in  miles  between  first  and  second  trains. 

B  =  distance  in  miles  between  second  and  third  trains. 

V  =  volts  at  substation. 

E  =«  instantaneous  volt  drop  on  line. 

D  =  average  volts  drop  over  section  between  substations. 

X  «  distance  in  miles  between  first  train  and  a  substation. 
Considering  first  only  one  train  between  substations: 


e-^)'= 


current  drawn  from  one  substation. 


XR   =  total  resistance  to  same  substation. 
Therefore  E  =  ^  {XL  -  X*) 


butD J—    =   4r  I     iXL-X*)dX 


■H 


=  —R  I L  =  average  volts  drop. 
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Similarly,  formulas  for  two  and  three  trains  in  a  section  were 
deduced,  for  average  drop  as  follows: 

One  train  between  substations,  D  =  —  RIL 

o 

Two  trains        "  «        D  ^^  RI I2L  -  ^^"^ 

Three    -  ^  -         />  =  1  i?/[3L-2-(M^«] 

If  the  trains  are  following  at  equal  distances  then  A  =^  B 
and  the  last  formula  becomes 


0-\Rj\zL-VMl^ 


is 


The  loads  on  the  substations  were  plotted  graphically  for  sev- 
eral substation  spacings  up  to  twenty-five  miles,  and  the  heat- 
ing loads  were  computed  for  each  spacing.  It  was  found,  how- 
ever, that  the  heating  load  varied  approximately  as  follows: 

Total  heating  =  2  (  j  1  p  )  ^^  ^^^  trains  alternately  A  and£ 

miles  apart,  when  the  distance  between  substations  is  equal  to 
or  greater  than  the  greater  spacing  between  the  trains.    For 

trains  of  equal  distance  apart,  total  heating  =  2  (o-j-)  VI-     VI 

the  amperes  per  train  multiplied  by  the  substation  voltage. 

It  is  to  be  noted  here  that  all  of  the  above  expressions  apply 
only  to  direct-current  systems  and  cannot  be  used  on  single-phase 
systems  without  complication.  It  is,  also,  to  be  noted  that  the 
formulas  are  deduced  assuming  trains  running  in  one  direction 
only,  as,  on  the  grades  considered,  the  trains  coming  down  grade 
do  not  draw  a  running  current  but  only  a  small  current  for  control 
purposes. 

In  applying  the  formulas  to  the  problem  in  hand  the  following 
assumptions  were  made: 

2000-ton  trains  with  four  100-ton  locomotives  per  train. 
Trains  15  miles  per  hour,  spaced  alternately  5  and  10  miles 

apart. 
Locomotive  efficiency  90  per  cent.    Train  resistance  6  lb. 

per  ton. 
Substation  voltage  2400.    Train  voltage  2100  average. 
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In  Pig.  2  will  be  found  curves  showing  the  total  conductivity, 
in  terms  of  total  million  circular  mils  of  copper  equally  divided 
between  positive  and  negative  circuits,  required  to  give  the  aver- 
age voltage  over  the  section  for  various  grades.  These  curves 
were  plotted  from  the  formulas  given  above.  With  substation 
spacings  up  to  8.66  miles,  the  average  drop  is  greater  with  one 


800 


500  KN) 

DOLLARS  PER  MILE 
10  15  90 

miles  between  substations 
Fig.  2 — Contact  System 


25 


train  in  the  section,  and  between  8.65  miles  and  26.9  miles  the 
average  drop  is  greater  with  two  trains  in  the  section.  Hence 
the  break  in  the  curves  at  8.65  miles. 

There  is  also  plotted  in  Fig.  2  a  curve  giving  the  annual  costs 
per  mile  on  a  contact  system  of  the  required  conductivity. 
A  contact  rail  system  was  considered  with  no  positive  feeders 
but  75-lb.  old  rail  as  negative  feeder.    The  annual  cost  curve 
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shows  three  distinct  sections,  namely:  the  lower  section,  no  nega- 
tive feeder;  the  middle  section,  one  75-lb.  rail  negative  feeder; 
and  the  upper  section,  two  75-lb.  rail  negative  feeders.  As 
worked  out,  however,  the  system  required  no  negative  feeder. 
From  Fig.  2,  it  is  seen  that  the  annual  cost  per  mile  on  the  con- 
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Fig.  3 — Substations 


tact  system  for  any  given  substation  spacing  and  grade  can  be 
read  directly. 

Similarly  from  Fig.  3  the  heating  loads  on  substations  for  any 
given  spacing  and  grade  may  be  read  oflf,  or,  if  referred  to  the 
annual  cost  curve,  the  annual  cost  per  substation  is  given.    This 
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latter  value  divided  by  the  spacing  gives  the  substation  annual 
costs  per  mile. 

The  above  annual  costs  were  taken  at  various  substation  spac- 
ings  on  several  given  grades  and  the  results,  the  total  annual 
costs  per  mile,  were  plotted  in  Fig.  4.     This  gives  a  series  of 
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Fig.  4 — Total  Annual  Costs 


curves,  the  minimum  of  each  being  the  economical  substation 
spacing  on  the  given  grade.  These  results  were  transferred  to 
Fig.  5  which  shows,  for  any  given  grade,  the  economical  spacing, 
the  heating  load  orfsubstation  and  the  size  of  contact  rail  required. 
As  stated  in  the  report,  the  track  district  under  study  was 
divided  into  several  sections  of  average  grades.     By  applying 

Digitized  by  LjOOQIC 


1858 


BABCOCK:    RAILWAY  ELECTRIFICATION    [Sept.  10 


the  latter  curve,  therefore,  to  these  sections  the  spacing  and 
heating  loads  of  the  substations  are  easily  determined. 
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Fig.  5 — Economical  Substation  Spacing. 

After  making  the  proper  allowance  for  yard   switching  and 
stub  ends,  the  following  substations  were  located: 


No. 

Heating 

substation 

Spacing 

load 

Installed  capacity 

1 

5  miles  from 
Bakersfield 

4900  kw. 

three  2000-kw.  units 

2 

13.5  mi. 

6500  « 

four    2000     «       • 

3 

11.6     « 

7200  • 

four    2000     •       « 

4 

10.5     « 

7000  « 

four    2000     -       -           j 

5 

10.6     « 

6600  - 

four    2000     «       « 

6 

13 

3.7  mi.  to  Mojave 

6900  « 

four    2000     «       « 

Substations 
The  unit  first  costs  used  are  as  follows: 
$35  per  installed  kw. 

The  above  is  based  on  a  recent  west  coast  installation » corrected  for 
2400-volt  apparatus. 

Operating  Costs  ♦ 

1   Station — 6000  kw.   capacity.     Labor,   3  shifts, 

2  men  each,  $1300  and  $1000 $6900 

Repairs  and  supplies 2200     $91Qp    $0,100 
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5  Stations — ^8000  kw.  capacity.     Labor,  3  shifts, 

2  men  each,  $1300  and  $1000 $6900 

Repairs  and  Supplies 2500 

2  Substation    foremen    at  $1800 


$9400 


$47,000 
3.600 


$59,700 
Contact  Rail,  2400  Volts 

The  larger  part  of  the  grade  being  either  2.4  percent  or  under 
1  per  cent,  a  140-lb.  contact  rail  was  required  for  the  main  line 
and  76-lb.  for  sidings. 

MAIN    LINK 

Material: 

110  tons  special  140-lb.  contact  rail  at  $33.00  per  ton. .      $3630.00 

Freight  thereon  at  $13 .  60  per  ton 1485 .  00 

176  pairs  splice  plates  delivered $88 .  00 

Bolts  and  nuts 12.00 

704  bonds  at  74c 521 .00 

480  insulators,  brackets  and  felt  delivered. . . .  480 .  00 

Paint 20.00 

10  inclines  at  $7.50 75.00 

5  jumpers  at  $100.00 500.00 

Anchoring,  modified  ins.  caps,  extra  10c  x  176 .  17 .  60 

Substation  connections 35 .00 

960  long  ties  excess  cost  at  50c 480.00 

960  brackets  for  protection  at  50c 480.00 

Lumber  for  protection 500.00 

Bolts,  screws  and  fittings 80.00 

$3288.60 
Extras  5  per  cent 164 .40 

$3453.00 
Store  charges  6  per  cent 207 .00     $3660.00 

Labor: 

Delivering  rail  110  tons  at  $1 .50 $165.00 

Installing  insulators  480  at  $ .  10 48 .00 

*"         protection  brackets  at  $ .  10 96 .  00 

rail 200.00 

**         bonds  at  $.30  ea 211.20 

"         protection 400.00 

Painting 100.00 

Work  train 100.00 

$1320.20 
Extras  10  per  cent 132.00     $1452.20 

$10,227.20 
Say  $10,225.00  per  mile  ^^^^^^^^  by  GoOgk 
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Material:  Sidings 

59  tons  special  75-lb.  contact  rail  at  $46.50  del $2740.00 

352  bonds  at  60c $211 .20 

Other  material 2560.80 

$2772.00 
Extras  5  per  cent 138.60 

$2910.60 

Store  charges  6  per  cent 174.60    $3085  20 

Labor: 

Delivery  of  rail  59  tons  at  $1.50 $93 .  50 

Installing  bondf  at  30c 105.60 

**         insulators 48 .00 

•  protection  brackets 96 .  00 

rail 100.00 

•  protection 400.00 

Painting 100.00 

Work  train 100.00 

$1043.10 
Extras  10  per  cent 104.30    $1147.40 

$6972.60 
Say $7000.00 

The  above  is  based  on  Pennsylvania  R.R.  type  of  third  rail  with 
protection  installed  on  both  sides.  Cost  of  rail  is  based  on  New  York 
Central  cost  of  special  rail  plus  freight  charges.  Cost  of  specialties  is 
taken  from  quotations.     Labor  is  according  to  west  coast  practise. 

Main  Line  Bonding 
Two  10-in.,  450,000-cir.  mil  bonds  per  joint. 

Bonds $570.00 

Cross  bonds 75 .00 

Labor 375.00 

$1020.00 
Extras 102.00     $1122.00 

Sidings  and  Yard  Track  Bonding 
Two  4/0  bonds  per  joint. 

Bonds $320.00 

Cross  bonds 100.00 

Labor 400.00 

$820.00 
Extras  10  per  cent 80.00       $900.00 


The  above  is  based  on  the  actual  cost  of  bonding  in  an  installation 

recently  made  in  the  vicinity  of  San  Francisco.    The  fact  that  the  track 

M  be  bonded  under  heavy  traffic  should  not  be  ov;^j9<^d<^  OOQ Ic 
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TOTAL  FIRST  COSTS 
Substation  and  Distribution 
Substation 

46,000  kw.  at  $35 $1,610,000 

Contact  rail 

65.84  mi.  main  line  at  $10,225 $673,000 

21 .60  mi.  sidings  at  $7000 152,000 

825.000 

Bonding 

65.84  mi.  main  line  at  $1120 $73,800 

21 .60  mi.  sidings  at  $900 19,440 

32.29  mi.  yard  tracks  at  $900 29,060  122.300 

$2,557,300 
Annual  Costs 
For  the  reason  that  one  organization  should   maintain  all 
transmission  and  distribution  system,  the  annual  costs  of  main- 
tenance and  repair  for  contact  system  are  to  be  found  under 
Transmission  Line  Costs,  Appendix  C. 

APPENDIX  B 

Generating  Station 

Two  principal  considerations  fixed  the  generating  station  at 
a  distance  from  the  track:  fuel  and  water. 

Twenty  miles  off  the  right-of-way  from  a  point  6  miles  east 
of  Bakersfield  is  located  a  large  oil  field  from  which  the  company 
obtains  much  of  the  fuel  oil  used  in  its  locomotives.  Plenty  of 
water  for  condensing  purposes  is  obtainable  near  by.  The 
annual  charges  on  a  transmission  line  under  these  conditions 
do  not  impose  so  heavy  a  burden  on  the  operating  costs  as  would 
the  delivery  of  oil  at  theright-of-way;  besides,  to  develop  sufficient 
water  along  the  track  would  cost  a  great  deal.  For  these  reasons 
the  generating  station  was  located  in  the  oil  fields  on  fairly  level 
land  where  excavating  costs  were  reasonable  and  on  soil  suffi- 
ciently firm  for  ordinary  fotmdations. 

The  load  curve,  Fig.  6,  indicates  that  a  three-unit  station  is 
desirable,  two  units  of  which  would  carry  the  load  ordinarily, 
with  one  as  a  spare.  A  study  of  the  load  curve  and  train  diagram 
fixed  the  maximum  capacity  of  the  units  at  18,000  kw.  at  the  two- 
hour  overload  rating — an  economical  size  in  first  cost  and  in 
annual  operating  costs.  The  point  of  maximum  economy  with- 
out auxiliary  nozzles  is  in  the  neighborhood  of  10,000  kw.,  and 
the    hand-operated  nozzle  will  enable  the  machine  to  carry 
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between  13,000  and  14,000  kw.  at  the  same  water  rate,  with  a 

by-pass  for  the  higher  overloads. 

-   The  segregated  estin:iated  prices  are  as  follows: 

Three  turbines,  18»000  kw.  maximum,  for  two  hours $400,000 

Exciters  and  battery 25,000 

Three  condensers  and  drives 65,000 

15,000  h.p.  boilers,  superheaters,  stacks,  breeching,  brick- 
work, etc 330,000 

Pipe,  valves,  fittings,  covering 75,000 

Oil  fuel  sets,  fire,  oil  unloading,  house  and  boiler  feed  pumps, 

heaters 30,000 

40,000  bbl.  oil  storage,  blow-off,  hot  well,  house  tank,  etc. . .  16,000 

Crane 12,500 

Switchboard  and  wiring 150,000 

Step-up  transformers 100,000 

Condenser  tunnel  system 75,000 

Superintendence,     engineering,     drawings,    general    labor, 
traveling   expense,    telegraph    and    telephone,    testing 

plant,  tools,  insurance 75,000 

Buildings,  foundations  and  excavation 350,000 

Incidentals 56,500 

$1,760,000 

The  very  high  temperatures  in  the  summer  months  at  the 

power  house  location,  (which  means  hot  circulating  water), 
require  very  large  condensers. 

The  station  operating  force  as  taken  from  the  average  prac- 
tise in  this  part  of  the  cotmtry  is  as  follows: — 

Power  Station  Operating  Costs 
Labor: 

Superintendent  of  power $4,000 

Steam: 

1  Chief  engineer  at            $225  per  mo 2,700 

3  Watch  engineers  at          125    **       "  4,500 

3  Turbine  operators  at          95    •       •  3,420 

6  Water  tenders  at                95    "       *  6,840 

6  Firemen  at                          95    •       •  6,840 

6  Oilers  at                              85    «       «  6,120 

3  Wipers  at                           75   «       «  2,700 

1  Boiler  repairer                  120    **       "  1,440 

1  Boiler  cleaner  at                 85    "       «  1,020 

1  Machinist  at                     110"       «  1,320 

1  Machinist  helper  at           90    **       •  1,080 

1  Clerk  at                              90   «       •  1,080 
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Electric: 

3  Load  dispatchers  at  125  "  "  4,500 

1  Chief  operator  at  150  "  *  1.800 

3  Switchboard  operators  at  110  *  "  3,960 

3Asst.       «               «  90«  «  3,240 

3  Dynamo  tenders  at  80  «  «  2,880 

3  Dynamo  cleaners-at  75  "  •  2,700 

2  Meter  testers  at  110  "  «  2,640 

Total  power  station,  labor $64,780 

Repairs,  supplies,  etc 20,000 

Total  per  year $84,780 

APPENDIX  C 
Transmission  Line 
For  the  distribution  of  power  along  the  right-of-way  to  the 
different  substations  there  will  be  required  50.5  nwles  of  No.  O 
twin  circuit  line,  with  an  addition  of  20  miles  of  the  same 
line  from  the  right-of-way  to  the  generating  station,  making  a 
total  of  70.5  miles  of  transmission  line  required.  The  detail 
costs  following  are  taken  from  the  actual  book  costs  of  a  similar 
transmission  line  installed  recently  under  practically  identical 
conditions. 

Twin  Circuit  Transmission  Line  Costs — 60,000  Volts 
(Assume  3  special  and  7  standard  towers  per  mile  with  suspension  insula- 
tors, 1  ground  wire.) 
Material: 

3  special  towers  3650  lb.  each  at  5}c  delv'd..         S600.00 
7  standard    «      3200    «       «     «  4J       «  938.00 


$1538.00 
Store  charges,  one  per  cent 15.38     $1553.38 

126  disk  type  insulators  at  $2 .  20 $277 .  20 

108  strain   «             «         «     1.95 210.60 

42  sets  hdw.  for  suspension  insulators  at  $1 .  20  50 .  40 

36  sets  hdw.  for  suspension  insulators  at    1 .  40  50 .  40 
1  mi.  7  /16  in.  high  strength  ground  wire,  1900  lb. 

at $3.25  cwt 61 .75 

6  mi.  No.  0  copper,  10,122  lb.  at  22 Jc 2277 .45 

$2927.80 
Store  charges  6  per  cent 175.67     $3103.47 

$4656.85 

5  per  cent  for  extras,  etc 232 .  86 

r"$4889.70 
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Labor: 

Blasting  and  foundations  for  towers — 

average $60.00 

Distribution  of  steel 2 .  50 

Assembling 20.00 

Attaching  insulators 3 .00 

Erecting  towers 10.00 

Ten  towers  per  mile $95 .50      $955 

Distributing    six    cond.    and    one 

ground  wire 9 

Stringing  six  cond.  and  one  ground 

wire 125 


$1089 
10  per  cent  for  extras  and  changes. . . .     '  109    $1 198 .  00 


$6087.70 

Overhead  Construction 
Bakersfield  and  Mojave  Terminals  and  Kern  Yards. 
Material: 

420  40-ft.  tubular  steel  poles  at  $65 $27,300.00 

50  34-ft.  tubular  steel  poles  at  $40 2,000.00 

380  35-ft.  wood  poles  at  $7 2,660.00 

85  single  brackets  for  wood  poles  at  $4. .  $340.00 

40  double  brackets  for  wood  poles  at  $7..  280.00 

2260  porcelain  strain  insulators  at  26c. . .  587.50 

1235  wood  strain  insulators  at  60c 741 .00 

73»500  ft.   7/16  in.   high   strength  steel 

strand  at  $2.60  perC 1,911.00 

5500  ft.  5/16-in.  iron  strand  at  $1 .25  per  C.  68 .  75 

205,400ft.4/0troUeywireat$130.00perM.       26,710.00 

1800  trolley  clamps  at  75c 1,350.00 

100  center  trolley  supports  at  80c 80.00 

1800  suspension  insulators  at  70c 1,260.00 

$33,328.25 
Store  charges  5  per  cent 1,666.50       34,994.75 

$66,954.75 
Extra  material  5  per  cent  approx 3,225.25 

$70,180.00 

8  anchor  bridges  (erected) 24,000.00 

19,100  ft..  1,500,000-cir.  mil  copper  feeder    (erected)        21,729.50 


$115,909.60 
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Labor: 

Erection  420  40-ft.  steel  poles  at  $35 $14,700.00 

50  34-ft.  steel  poles  at  $25 1,250.00 

"         380  35-ft.  wood  poles  at  $8 .  50.  3,230 .  00 
"         425  cross  spans  at  $7.50,  $15, 

and  $20 7,600.00 

"         trolley 8,240.00 

$35,020.00 

2  per  cent  use  of  tools 700.30 

$35,720.30 
10  per  cent  contingencies 3,573 .  20       39.293 .  50 

Total $155,203.00 

Called $155,250.00 

The  foregoing  costs  are  taken,  (except  as  to  insulators),  from 
the  book  costs  of  a  recent  installation. 

The  method  of  construction  is  to  span  as  many  tracks  as  are 
necessary,  without  throwing  track,  to  use  steel  poles  at  the  ends 
of  the  span  wires  and  to  carry  the  trolley  wires  from  a  secondary 
span  wire  without  the  use  of  catenary  construction. 

Annual  Costs 
The  total  annual  costs  for  maintenance  of  transmission  and 
contact  systems,  based  on  the  costs  of  similar  work  in  other  places, 
are  as  follows: — 

Overhead  and  Contact  Rail 

Supt.  of  power  distribution  at  $175  per  mo. 

Clerk  at  $75  per  month $3,000.00 

50.5  miles  high-tension  transmission  at  $50 2,525.00 

32.5  miles  overhead  construction  at  $250 8,125.00 

65.84  miles  main  line  contact-rail  at  $150 9,876.00 

21.60  miles  sidings  contact-rail  at  $100 2,160.00 

67 .34  miles  main  line  bonding  at  10  per  cent 7,548 .00 

48.99  miles  sidings  bonding  at  5  per  cent 2,342.00 

$35,576.00 

20  miles  additional  transmission  at  $50 1,000.00 


$36,576.00 


In  the  foregoing,  the  estimate  for  bonding  is  based  on  the 
life  of  the  rail  in  the  track  under  consideration,  it  being  considered 
that  when  the  rail  is  replaced  the  bonds  will  come  out  and  will 
have  only  a  scrap  value,  being  replaced  then  by  new  bonds. 
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APPENDIX  D 

Block  Signals 
At  the  present  time  the  entire  district  between  Mojave  and 
Bakersfield  is  protected  with  automatic  block  signals  of  the  usual 
continuous-current  track  circuit  battery  type.  In  case  of  elec- 
trification a  great  part  of  this  apparatus  will  have  to  be  replaced 
with  alternating-current  track  circuit  apparatus,  because  the 
use  of  track  circuits  with  propulsion  current  in  the  rails  requires 
selective  apparatus  to  prevent  false  indications.  The  estimate 
of  the  signal  department  for  making  these  changes  is  S175,000. 

APPENDIX  E 
Electric  Shops  and  Inspection  Shed 

For  the  reason  that  the  company  has  important  division  shops 
located  already  at  Bakersfield,  a  large  item  for  repair  shops  is 
not  necessary,  it  being  understood  that  the  heavy  electric  loco- 
motive repairs  would  be  done  in  the  steam  locomotive  repair 
shops.  An  inspection  shed  with  pits,  however,  is  necessary,  for 
which  the  lump  item  of  $10,000  was  included,  this  being  in  the 
ratio  of  cost  of  the  track  facilities  required  here  to  the  cost  of 
similar  track  facilities  in  a  shop  recently  erected  by  this  com- 
pany. 

Note.  The  maihtenance  cost  of  inspection  shed  and  tools 
therein  is  carried  under  the  heading  of  "  Locomotive  Repairs  " — 
(see  Appendix  I). 

APPENDIX  F 
Electric  Locomotives 

An  analysis  of  the  train  sheets  covering  the  period  of  maximtun 
tonnage  over  the  mountain  shows  that  there  will  be  required 
47  freight  locomotives,  and  11  passenger  locomotives,  which 
includes  a  reasonably  large  allowance,  namely,  8  freight  and  3 
passenger  locomotives,  for  repair  and  shopping  purposes.  The 
locomotives  required  for  this  service  are  so  closely  similar  in 
characteristics  to  those  upon  which  quotations  were  asked 
recently  from  the  electrical  manufacturers  that  new  quotations 
were  not  requested  for  the  purposes  of  this  estimate,  particularly 
since  the  locomotives  actually  quoted  on  were  for  the  same 
operating  voltages,  etc.,  as  are  contemplated  herein. 

The  unit  costs  were :  passenger  locomotives  $40,000,  and  freight 
locomotives  $35,000,  making  a  total  of  $2,085,000  for  47  freight 
and  11  passenger  locomotives, 
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APPENDIX  G 
Steam  Locomotive  Credits 
It  seems  pertinent  here  to  note  the  very  significant  fact  that 
while  steam  locomotives  are  strictly  interchangeable  and  can  be 
moved  from  division  to  division  as  the  necessity  for  varying  mo- 
tive power  capacity  develops,  by  reason  of  crop  movements,  or 
otherwise,  the  electric  locomotives  are  limited  in  their  field 
of  operation  strictly  to  electrified  track,  and  as  far  as  interchange 
between  divisions  is  concerned  they  might  as  well  be  of  some 
gage  other  than  standard.  An  inspection  of  the  records  of  the 
operating  department  shows  that  during  a  period  of  heavy  traffic 
over  the  mountain  there  were  in  actual  service  13  passenger,  47 
consolidated  or  decapod  and  13  Mallet  locomotives,  which,  if  taken 
at  the  same  valuation  as  was  used  in  a  recent  report  on  the 
Sierra-Nevada  electrification,  would  represent  an  investment  of 
$1,220,750,  to  which  should  be  added  at  least  20  per  cent  for 
extras,  shopping,  repairs,  etc.,  making  the  total  investment  in 
steam  locomotives  properly  chargeable  to  this  district  = 
$1,464,900.  It  may  be  thought  that  the  allowance  of  20  per 
cent  for  shopping,  etc.,  is  not  large  enough;  that  the  records  of 
the  steam  motive  power  department  will  show  a  greater  percen- 
age  of  locomotives  assigned  to  a  given  district  and  actually  out 
of  service;  but  it  should  be  remembered  that  in  case  of  suddea 
demands,  steam  locomotives  are  moved  from  division  to  division 
as  stated  above,  and  therefore  it  is  not  reasonable  to  charge  to 
this  district  the  total  amoimt  of  steam  motive  power  that  would 
be  required  if  the  district  is  considered  as  an  isolated  entity  in 
operation,  as  would  be  the  case  under  electric  operation. 

APPENDIX  H 
Maintenance  op  Way  as  Affected  by  Locomotives 
Many  years'  experience  in  the  analysis  of  track  maintenance 
accounts  has  shown  that,  independent  of  all  other  considerations, 
track  maintenance  as  affected  by  rolling  stock  can  be  divided  into 
two  heads,  locomotives  and  cars,  the  segregated  costs  of  which 
have  been  determined  very  accurately.  Reduced  to  dollars  and 
cents,  the  auditor's  accounts  show  that  locomotives  of  approxi- 
mately the  same  weight  and  run  at  the  same  speeds  as  those  con- 
templated in  this  report,  caused  maintenance  of  way  expense  at 
a  certain  rate  per  locomotive  mile,  from  which  has  been  deduced 
the  item,  $83,285,  given  in  the  statement  of  Annual  Operating 
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Costs.     That  for  steam  operation,  $126,890,  is  taken  from  the 
records. 

APPENDIX  I 
Locomotive  Repairs 
The  figure  given  under  this  item  for  steam  operation  is 
taken  directly  from  the  records.  The  estimated  cost  of  electric 
locomotive  repairs,  4  cents  per  locomotive  mile,  is  based  on  our 
analysis  of  the  best  data  available  for  such  costs.  As  to  this 
value,  opinions  reasonably  may  differ,  but  it  probably  will  be 
recognized  that  the  figure  named  gives  a  rather  favorable  con- 
sideration to  the  use  of  electric  locomotives,  since  the  repair 
accounts  of  some  of  the  larger  railroads  operating  the  largest  elec- 
tric locomotives  in  this  country  show  repair  costs  materially 
more  than  4  cents,  all  things  considered. 

APPENDIX  J 
Enginemen's  Wages 
In  the  report  it  was  mentioned  that  certain  items,  such  as 
freight  enginemen's  wages,  would  not  be  changed  materially  by 
a  change  in  the  nature  of  the  motive  power.  The  reason  is 
that  the  present  tendency  is  toward  the  operation  of  large  Mallet 
locomotives,  at  an  advanced  rate  per  100  miles  paid  their  engine- 
men.  Since  the  capacity  of  an  electric  locomotive  unit  is  essen- 
tially the  same  as  the  largest  Mallet  it  is  felt  that  the  wages 
paid  will  have  to  be  the  same  as  for  present  freight  service.  The 
passenger  enginemen's  wages  under  electric  operation  are  based 
on  the  same  wages  per  locomotive  mile  as  under  steam  operation, 
but  since  the  electrics  would  make  unnecessary  the  use  of  helpers 
on  the  mountain,  the  total  has  been  reduced  by  the  amount 
now  paid  helper  enginemen. 

APPENDIX  K 
Fuel 

The  item  $240,852  for  fuel  under  steam  operation  is  taken 
from  the  records.  It  represents  the  oil  issued  to  the  steam 
locomotives  and  charged  to  them  at  the  division  cost  of  oil, 
which  in  tiun  is  the  cost  at  the  wells,  plus  transportation  charges 
to  the  particular  division,  with  a  percentage  added  for  store 
expense  and  handling. 

On  the  other  hand,  the  item  $100,530  for  fuel  under  electric 
operation,  repre§?nt§  th?  number  of  barrels  of  oil  estimated  to 
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be  consumed  in  the  generating  station,  at  the  cost  per  barrel 
of  oil  at  the  wells  plus  a  small  handling  charge. 

The  reasons  for  locating  the  generating  station  at  the  wells 
are  given  in  detail  in  Appendix  B.  The  net  result  is  that  the  oil 
costs  materially  less  in  the  steam  generating  station  than  when 
delivered  to  the  locomotives  of  the  San  Joaquin  division. 

The  basis  upon  which  the  oil  consumption  is  calculated  is 
as  follows: 

Physical  Characteristics  of  Track 

West  slope  East  slope 

Distance  (feet) 261,300  96,624 

Total  ascent — east 3,687  6 

«    —west 77  1.280 

«           «    --east  and  west 3,764  1 ,285 

Total  curvature 7,944  deg.  766  deg. 

Ave.  grade  per  cent 1 .  44  1 .  33 

*    curvature 3  deg.  0.79 deg. 

Train  Resistance,  Pounds  per  Ton 

West  slope  East  slope 

Grade 28.8  26.6 

Curvature 2.7  0.7 

Friction 6.0  6.0 

Total 37.5  33.3 

Energy,  foot-tons  per  ton  of  train  lifted  to  Summit : 

37.5  X  261,300 

West  slope  =  4900  ft-tons 

2000 

33.3  X  96.624 

East  slope  =  1607  ft-tons 

2000 

Tonnage  Considered 
Passenger: 

One      250-ton  train  each  way  plus  150- ton  locomotive....      400  tons 

One      350     «       «         «       -       «     150     *  «  . .  600   • 

Three  400     «       «         «       ^       «     150     «  *  . .  1660   « 

Two     600     "       «         «       «       «     150    «  «  ..  1600   * 


Total  per  day  each  w  ay .4060   * 
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Freight:  Eastbound   Westbound 


Gross  tons  per  year  (trailing) 4,798,056        3.167,301 

Number  of  500  -ton  units 9.598  6,335 


Number  of  locomotives  (minimum) 9.598  6,335 

Add  10  per  cent  for  underloaded  locomo- 
tives    960  633 


Total  locomotives 10,558  6,968 

Summary: 

Gross  tons  per  year  trailing 4,798,056  3,167,301 

Locomotives  at  100  tons 1,055,800  696,800 


Totel  tons  per  year 5,853,856        3,864,101 

«         «       «  day 16,040  10,600 


Fuel  Consumption 


Passenger:    4050  tons  east  and  west  per  day. 

Bast  4050  X  4900 19,845,000  ft-tons 

West  4050  X  1607 6,508,350       " 


26,353,350 
Add    10    per    cent    for    slow 

movements  and  starts 2,635,335 


28,988,685  ft-tons 


Freight: 

16,040  tons  east  per  day 
10,600      "    west    «       « 

East  16,040  X  4900 78,596,000  ft-tons 

West  10,600  X  1607 17,034,200       « 


Total 95,630,200 

Add    10   per   cent   for   slow 

movements  and  starts . . .       9,563,020 


105,193,220  ft-tons 


Total  passenger  and  freight  energy  per  day...        134,181,905  ft-tons 


„     ^  ^         134,181,905  X  2000 

H.p-hr.  per  day -rrzhz rr "  135,537 

^        ^         ^  33,000  X  60 
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Based  on  previous  detailed  studies  of  similar  problems  we  are 
safe  in  assuming  70  per  cent  eflSciency  from  power  station  to 
locomotive  wheels  =  144,600    kw-hr.  per  day  at  the  power  station 
=  52,779,000    «        «  year"  «        « 

Requiring,  at  210  kw-hr.  per  bbl.  of  oil,  251,330  bbl. 

Costing,  at  $0.40  per  bbl.,  $100,530. 

Note.  The  70  per  cent  average  efficiency  given  above  is  de- 
duced from  the  following  average  all-day  efficiencies  of  the  plant 
as  designed: 

Transmission  line 98    per  cent 

Conversion   apparatus 90   per  cent 

Contact  system 87|  per  cent 

(This   being   the   ratio   of   the   average 

volts — 2100,   to    the   generated    volts — 

2400). 

Locomotives 90    per  cent 

making  a  net  efficiency  of  69^  per  cent,  which  for  practical  pur- 
poses has  been  called  70  per  cent. 

Since  the  position  of  all  trains  on  the  track  is  known  with  great 
accuracy  from  the  train  dispatcher's  sheets,  it  is  expected  that 
substations  on  which  there  is  no  load  will  be  shut  down  com- 
pletely until  the  train  dispatcher  advises  the  station  operator 
that  a  load  is  approaching  his  substation.  The  foregoing  ac- 
counts for  what  may  be  considered  a  high  average  conversion 
efficiency. 

Note.  In  order  to  show  how  closely  to  the  average  the  ton- 
nage runs  from  month  to  month,  the  table  of  tonnages  for  the 
fiscal  year  1911-12,  is  given  in  Appendix  L2. 

Fig.  7  gives  the  train  diagram  for  the  conditions  of  traffic 
under  which  this  estimate  is  made.  It  shows  only  those  trains 
that  are  nmning  up-hill,  no  accoimt  being  taken  of  the  down-hill 
trains  for  obvious  reasons.  Of  course  this  is  not  strictly  accurate 
because  the  trains  will  consume  some  small  energy  in  supplying 
air  for  brakes,  etc.,  and  in  occasional  movements  into  and  out 
of  sidings,  but  the  error  in  estimating  the  probable  down-hill 
use  easily  may  be  greater  than  the  total  energy  consumption  of 
the  down-hill  trains. 

From  the  foregoing  train  diagram  is  made  the  load  diagram 
n  in  Fig.  6,  the  method  being  as  follows — ^As  has  been  stated 
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previously,  in  determining  the  load  diagrams  from  the  train  dia- 
grams, certain  close  approximations  were  made  as  regards  ruling 
grades,  curves,  and  average  grades.  Obviously,  if  a  load  diagram 
were  made  from  the  actual  track  plans  and  engineer's  profiles, 
the  time  and  labor  consimied  would  be  very  great  and  out  of 
all  proportion  to  the  accuracy  of  the  resiilts;  in  other  words, 
it  is  believed  that  with  close  approximation  to  actual  conditions 
the  results  are  within  the  probable  error  of  the  more  extended 
operation. 

The  individual  loads  for  each  particular  train  on  the  various 
approximated  grades  were  taken  from  characteristic  curves  of 
locomotives  assimied  to  be  used.  These  individual  loads  were 
then  plotted  against  time,  and  combined  train  by  train  to  give 
the  load  diagram  as  shown.  The  average  speed  of  trains  was 
asstmied  at  approximately  30  miles  per  hour  for  passenger  trains 
and  15  miles  per  hour  for  freight  trains.  The  ordinates  rep- 
resenting power  used  are  plotted  at  15-minute  intervals.  The 
integrated  area  of  the  load  diagram  as  shown  will  not  check 
with  the  average  energy  consimiption  as  given  in  Appendix 
K,  for  the  reason  that  the  load  diagram  is  intended  to  represent 
maximum  travel  conditions,  it  being  a  step  in  the  determination 
of  the  generating  station  capacity  and  load  factor.  In  this 
connection  it  is  interesting  to  note  that  the  load  factor  of  this 
diagram  is  practically  50  per  cent  when  determined  on  the  i- 
hour  basis.  Other  students  of  this  problem  and  writers  on  this  sub- 
ject seem  to  have  deduced  their  opinions  as  to  load  factors  from 
a  selected  curve,  somewhat  similar  to  this.  It  should  be  reason- 
ably evident  to  anyone  who  thinks  on  this  subject  that  the  load 
factor  one  is  concerned  with  here  is  the  yearly  load  factor  and  not 
the  daily.  Taken  on  the  basis  of  the  maximum  hour  and  the 
average  year,  the  load  factor  of  this  installation  would  be  close 
to  20  per  cent. 

For  the  information  of  those  who  are  not  familiar  with  the 
actual  track  conditions  on  the  Tehachapi  Mountain,  the  con- 
densed profile  is  given  in  Fig.  1 ;  also  the  tunnel  characteristics 
are  given  in  Appendix  LI. 
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APPENDIX  LI 
Tunnel  Clearances,  etc. 


Lining 

Tunnel  No. 

Length 

Height 

Curvature 

material 

1/2 

539.5 

17ft.tol8ift. 

10  deg. 

Timber 

1 

245.8 

10     « 

u 

2 

232.2 

10     « 

u 

3 

707.7 

0 

u 

4 

266.3 

10  deg.  05  min. 

u 

5 

1145.9 

0 

u 

6 

303.7 

10     «     10     « 

u 

7 

532.7 

10     « 

Rock 

8 

690 

0 

Timber 

9 

426.2 

0       «     20     « 

u 

10 

306.6 

10     « 

u 

11 

168.8 

Rock 

12 

756.3 

10     « 

Timber 

13 

513.8 

10     « 

« 

U 

512.7 

10     «     04     « 

u 

16 

360.7 

u 

16 

262.5 

10     « 

u 

17 

260.9 

10     " 

u 

8212  ft.  = 

1.56  mi. 

60  per  cent  (approx.)  of  total  length  is  on  10-deg.  curve. 


APPENDIX  L2 
Tonnage,  July  1, 1911  to  June  30,  1912. 

July,  1911 564,201 

August,  1911 638,665 

September,  1911 640,178 

October,  1911 666,807 

November,  1911 671,708 

December,  1911 683,618 

January,  1912 688,883 

February,  1912 701,846 

March,  1912 694,475 

April,  1912 666,762 

May,  1912 712,251 

June,  1912 636,963 

Total 7,966,357 

Average  month 663,780 

Tons        Per  cent  of  average 

Minimum  month 564,201  85.05 

Maximum       «     712,251  107.2 
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THE  GULF  OF  GEORGIA  SUBMARINE  TELEPHONE 

CABLE 


BY   E.    P.    LA  BELLE   AND    L.    P.    CRIM 


The  recent  laying  of  a  continuously  loaded  submarine  tele- 
phone cable,  across  the  Gulf  of  Georgia,  between  Point  Grey, 
near  Vancouver,  and  Nanaimo,  on  Vancouver  Island,  in  British 
Columbia,  is  of  interest  as  it  is  the  only  cable  of  its  type  in  use 
outside  of  Europe. 

The  purpose  of  this  cable  was  to  provide  such  telephonic 
facilities  to  Vancouver  Island  that  the  speaking  range  could 
be  extended  from  any  point  on  the  Island  to  Vancouver,  and 
other  principal  towns  on  the  mainland  in  the  territory  served  by 
the  British  Columbia  Telephone  Company. 

The  only  means  of  telephonic  communication  between  Van- 
couver and  Victoria,  prior  to  the  laying  of  this  cable,  was  through 
a  submarine  cable  between  Bellingham  and  Victoria,  laid  in 
1904.  This  cable  was  non-loaded,  of  the  four-core  type,  with 
gutta-percha  insulation,  and  to  the  writer's  best  knowledge,  is 
the  only  cable  of  this  type  in  use  in  North  America.  This  cable 
is  in  five  pieces  crossing  the  various  channels  between  Belling- 
ham and  Victoria.  A  total  of  14.2  nautical  miles  (16.37  miles, 
26.3  km.)  of  this  cable  is  in  use.  The  conductors  are  stranded 
and  weigh  180  lb.  per  nautical  mile  (44 . 3  kg.  per  km.) .  By  means 
of  a  circuit  which  could  be  provided  through  this  cable  by  way  of 
Bellingham,  a  fairly  satisfactory  service  was  maintained  between 
Vancouver  and  Victoria,  the  circuit  equating  to  about  26  miles 
(41.8  km.)  of  standard  cable.  All  communications  to  points  on 
Vancouver  Island  north  of  Victoria  were  routed  through  this 
cable  circuit.  As  a  consequence  the  speaking  range  from  Van- 
couver to  the  Island  was  limited  to  a  few  points  near  Victoria, 
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and  Nanaimo  was  the  extreme  limit  of  commercial  service,  and 
conversation  was  not  attempted  except  under  the  most  favorable 
conditions.  Under  some  conditions  conversation  was  possible 
except  for  the  distorting  effect  of  the  unloaded  cable. 

By  using  the  new  cable,  Nanaimo  is  made  the  center  of 
distribution  for  Vancouver  Island.  The  longest  line  that  will 
ever  be  connected  at  Nanaimo  will  extend  to  the  north  end  of 
Vancouver  Island,  and  will  be  about  250  miles  (400  km.)  in 
length,  so  it  can  readily  be  seen  that  satisfactory  service  may  be 
established  to  any  point  on  Vancouver  Island  through  the  new 
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Pig.  1 — Route  of  Cables  of  1904  and  1913.    Broken  Lines  Indicate 
Aerial  Land  Lines. 


cable.  It  was  with  the  idea  in  mind  of  using  Nanaimo  as  the 
distributing  center  that  the  existing  route  was  chosen  for  laying 
the  cable. 

It  is  quite  important  to  the  long  life  of  a  submarine  cable 
that  a  rock  bottom  and  exposure  to  tidal  currents  be  avoided  as 
much  as  possible.  It  is  also  quite  essential  that  the  shore  ends 
be  landed  in  mud  or  sand  and  that  they  be  kept  buried,  at  least 
as  far  as  the  low  water  line.  It  is  believed  that  the  route  chosen 
will  prove  to  be  very  satisfactory. 

The  new  cable  was  manufactured  by  the  Henley  Telegraph 
Works,  in  England,  and  has  the  following  mechanical  properties: 
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Conductors,  Pour  conductors,  each  consisting  of  a  central 
wire,  surrounded  by  twelve  wires  of  annealed  copper,  having  a 
total  weight  of  300  lb.  per  nautical  mile  (73.4  kg.  per  km.); 
total  diameter  of  conductor  0. 1385  in.  (3.518  mm.). 

Loading.  One  soft  iron  wire  0 .  012  in.  (0 .  305  nmi.)  in  diameter, 
wound  round  the  conductor  and  having  seventy  turns  per  inch 
(27 . 6  turns  per  cm.) . 

Dielectric,  Three  coats  of  best  gutta-percha  alternating  with 
three  coats  of  Chatterton's  compound.  Total  weight  of  dielectric 
per  nautical  mile  300  lb.  (73.4  kg.  per  km.).  Diameter  over 
gutta-percha  0.409  in.  (1.04  cm.). 

Cabling,  Four  cores  laid  around  a  yam  center,  wormed, 
brass  taped  and  served  with  yam. 

Armoring.  Fifteen  galvanized  steel  wires  each  0.192  in. 
(0.487  cm.)  in  diameter,  separately  tarred  and  served  with 
tarred  yam. 

Outer  Serving.  Two  coats  of  tarred  yam,  and  two  coats  of 
preservative  compound. 

Diameter,    Diameter  of  completed  cable  1 .956  in.  (4.97  cm.). 

Weight.  Weight  of  completed  cable,  eight  English  tons  per 
nautical  mile  (4.38  metric  tons  per  km.). 

The  same  type  of  armoring  was  used  throughout,  and  on 
account  of  the  armor  wires  each  being  served  with  tarred  jute, 
the  completed  cable  was  very  flexible. 

The  cable  has  the  following  electrical  qualities,  as  measured  on 
31 . 3  nautical  miles  (58  km.)  of  the  completed  cable  in  the  factory 
at  a  temperature  of  75  deg.  fahr.  (24  deg.  cent.).  All  quantities 
per  nautical  mile. 


Conductor 
resistance 

Electrostatic 
capacity 

Dielectric 
resistance* 

No.  1  Core 

Ohms 
4.004 
4.004 
4.004 
4.005 

Microfarad 
0.3449 
0.3465 
0.3449 
0.3449 

Megohms 
258 
256 
268 
274 

No.  2  Core 

No.  3  Core 

No  4  Core 

*After  one  minute's  electrification. 

PER  NAUTICAL  MILE  OF  LOOPED  CIRCUIT 


Cores 


Conductor 
resistance 


Circuit  A 1  and  3 

Circuit  B l       2  and  4 

Superimposed  or  phantom  circuit  on  A  and  B ' 


Ohms 
8.008 
8.009 
4  0045 


Electrostatic 
capacity 


Microfarad 
0.1724 
0.1726 
0.3450 
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The  following  values  were  obtained  by  an  eminent  inde- 
pendent testing  authority  on  a  length  of  one-twentieth  of  a 
nautical  mile  cut  from  the  completed  cable.  Results  are  per 
nautical  mile,  and  tests  were  made  with  sinusoidal  current  at 
a  frequency  of  800  cycles  per  second,  at  a  temperature  of  56  deg. 
fahr.  (13  deg.  cent.). 

Column  A,  loop  or  side  circuit  cores  1  and  3 
■  B,  ■  ■  ■  ■  ■  2  and  4 
*       C,  superimposed  or  phantom  circuit. 


Effective  resistance  R. . 
Effective  inductance  L. 
Effective  capacity  K 
Effective  leakance      S . 

Ratio  S/K 

Attenuation  constant. . 


9.16 

9.14 

4 .  69        ohms 

11.66 

11.54 

5.45        millihenrys 

0.1647 

0.1662 

0.3338    microfarad 

12.24 

11.26 

19.84        microhms 

74.3 

67.8 

59.4 

0.01892 

0.01874 

0.01966 

The  following  results  were  obtained  in  the  laboratory  of  the 
manufacturers  on  the  completed  length  of  31  nautical  miles 
(58.5  km.)  coiled  up  in  the  iron  tank  and  covered  with  water, 
using  sinusoidal  current  at  800  cycles  per  second,  as  before. 


Circuit 


A 

B 

349.35 

337.4 

\32«»31' 

\33«»64' 

185.75 

187.6 

/23^' 

/24«»43' 

254.5 

251.4 

\4^i9^ 

\4«56' 

0.01946 

0.01940 

Ox>en  impedance  Zo 

Closed  impedance  Zc 

Characteristic  imx>edance  Z 
Attenuation  constant 


Vector  ohms 
angle 

Vector  ohms 

angle 

Vector  ohms 
angle 


After  laying,  the  cable  was  tested  for  dielectric  resistance,  for 
capacity,  and  for  conductor  resistance.  The  transmission 
equivalent  was  measured  in  terms  of  standard  cable  and  tests 
were  made  for  crosstalk. 


SUMMARY  OP  TESTS  AFTER  LAYING 

Conductor 
resistance 


No.  1  Circuit. 
No.  2  Circuit. 


Ohms 
8.008 
8.008 


Mutual 
capacity 

Microfarad 
0.175 
0.174 


Digitized  by 


Google 


19131  SUBMARINE  TELEPHONE  CABLE  1881 

ElectrosUtic       Dietectr'c 
capacity  reastance 

Microfarad  Megohms 

No.  1  Core 0.347  446 

No.  2  Core 0.349  461 

No.  3  Core 0.351  461 

No.  4  Core 0.347  461 

The  above  restilts  are  per  nautical  mile.  Dielectric  resistance 
is  corrected  to  75  deg.  fahr.  (24  deg.  cent.). 

The  actual  length  of  cable  in  use  is  28.3  nautical  miles  (52.5 
km.)  and  its  mean  temperature  was  49.6  deg.  fahr.  (9.8  deg. 
cent.)  at  the  time  the  measurements  were  taken.  Speech  tests 
showed  a  standard  cable  equivalent  of  eight  miles  with  zero 
loop  on  each  end,  and  5.75  miles,  with  12  miles  of  standard 
cable  at  each  end  to  reduce  reflection  losses. 

The  finished  cable  was  shipped  from  England  to  Vancouver 
on  the  ship  Crorvn  oj  Galicia.  It  was  stored  in  a  steel  tank  while 
on  shipboard  and  kept  under  water.  The  temperature  was 
observed  daily  throughout  the  voyage.  Upon  arrival  at  Van- 
couver, it  was  transferred  from  the  tank  in  the  hold  of  the 
Crown  of  GaUcia  to  the  hold  of  the  barge  Princess  Louise, 
from  which  it  was  later  laid.  The  actual  operation  of  laying 
was  begun  at  the  Point  Grey  end  at  4  a.m.  June  16th,  and 
finished  at  Kanaka  Bay  on  New  Castle  Island  at  7:30  the  even- 
ing of  the  same  day.  The  illustrations  herewith  show  the  laying 
operations  in  detail.  Throughout  the  entire  operation  of  laying, 
one  pair  was  under  continuous  test  for  insulation  resistance, 
while  the  other  pair  was  being  utilized  for  communication  with 
the  shore.  As  a  matter  of  precaution  the  two  pairs  were  inter- 
changed at  intervals  so  that  no  fault  in  the  dielectric  could 
escape  observation  for  any  length  of  time.  While  the  cable 
was  being  laid,  conversations  were  carried  on  with  parties  in 
Vancouver,  Victoria,  Seattle  and  Portland.  Two  tugs  were 
used  to  tow  the  cable  ship,  which  was  without  power  of  its  own. 
Telephonic  communication  was  maintained  with  the  tugs  by 
means  of  rubber  covered  wires  strung  on  the  hawser.  Observa- 
tions to  determine  the  location  were  taken  at  regular  intervals 
with  a  sextant,  and  a  log  of  operations  was  carefully  kept.  The 
tension  on  the  cable  was  observed  by  means  of  a  dynamometer, 
and  the  amount  of  cable  paid  out  was  read  from  the  rolometer 
attached  to  the  pa)dng-out  drums.  With  the  exception  of  a 
light  rain  in  the  morning,  the  weather  was  excellent,  and  a  num- 
ber of  guests  observed  the  laying  operations,  which  were  without 
accident.  .,y,,...., 
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A  cable  hut  is  provided  at  each  of  the  shore  ends  for  housing 
the  protective  apparatus  and  making  the  connections  between 
the  cable  and  the  aerial  land  lines.  The  protective  apparatus 
is  of  the  Lodge-Muirhead  type,  and  consists  of  three  reactive 
coils  with  four  discharge  points,  located  around  a  central  brass 
disk,  which  is  grounded  to  the  armor  wires  of  the  cable.  Each 
of  the  cable  cores  is  led  through  a  protector  of  this  type,  and  a 
fuse  is  inserted  between  the  protector  and  the  line  wire,  and  also 
between  the  protector  and  the  cable.  All  of  the  protective  ap- 
paratus is  housed  in  a  waterproof  cast  iron  case. 

The  two  physical  circuits  provided  in  this  cable  were  satis- 
factory in  every  way  and  are  each  equivalent  to  about  5.75 
miles  of  standard  cable.  The  phantom  circuit,  however,  is  not 
so  satisfactory.  It  is  only  fair  to  the  manufacturers,  however, 
to  state  that  a  satisfactory  phantom  circuit  was  not  guaranteed. 
It  will  be  seen  that  the  capacity  and  leakance  of  the  phantom 
circuit  is  just  two  times  as  great  as  in  the  physical  circuits, 
while  the  resistance  and  inductance  are  about  one-half  each. 
This  causes  the  attenuation  constant  of  the  phantom  to  be  some- 
what greater  than  that  of  the  physical  circuits.  There  is  also 
some  crosstalk  between  the  physical  circuits  and  the  phantom, 
being  equivalent  to  a  conversation  through  about  75  miles 
(120  km.)  of  standard  cable.  Tests  for  this  determination 
were  made  with  local  battery  sets,  in  the  cable  huts,  con- 
nected directly  to  the  ends  of  the  cable.  This  crosstalk 
is  undoubtedly  caused  by  inductive  unbalance  in  the  cable. 
On  account  of  the  salt  water  penetrating  to  the  outside 
core  of  the  gutta-percha,  the  wires  are  shielded  from  each 
other  electrostatically.  Any  disturbance  that  is  transmitted 
from  one  wire  to  another  must  therefore  be  of  an  electromagnetic 
nature.  The  capacity  of  the  cores  in  this  type  of  cable  depends 
upon  the  thickness  of  the  dielectric,  and  in  every  case  is  the 
capacity  from  the  wire  to  the  ground  (salt  water) ,  as  the  sea  water 
penetrates  the  cable  to  the  gutta-percha.  Efforts  to  decrease 
the  capacity  of  this  type  of  cable  by  a  paper  wrapping  under 
the  gutta-percha,  in  order  to  increase  economically  the  diameter, 
have  failed  because  of  the  moisture  content  of  the  gutta-percha 
being  absorbed  by  the  paper. 

The  uniformity  of  the  capacity  then  depends  upon  the  cores 
being  exactly  of  the  same  dimensions  and  located  symmetrically. 
It  can  readily  be  seen  that  a  slight  eccentricity  of  conductor  in 
the  dielectric  will  change  the  capacity  accordingly. 

The  inductance  of  these  cable  circuits  is  artificially  increased 
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by  a  winding  of  soft  iron  wire  around  the  copper  conductor, 
which  increases  the  permeability  of  its  magnetic  field.  This  is 
the  well-known  Krarup  system  of  continuous  loading.  The 
permeability  of  this  wire  may  be  affected  in  three  ways,  namely, 
aging,  by  straining  it  beyond  its  elastic  limit,  and  by  permanently 
magnetizing  it.  Aging  occurs  in  nearly  all  iron  used  in  magnetic 
circuits  and  the  magnitude  of  the  change  of  permeability  varies 
with  the  different  pieces  of  iron.  It  is  thus  possible  that  the 
inductance  of  the  different  cores  of  a  Krarup  cable  might  be 
thrown  out  of  balance  by  the  iron  wires  aging  differently.  It  . 
is  known  that  the  permeability  of  magnetic  iron  is  affected  by 
straining  it  beyond  its  elastic  limit.  When  it  is  considered  that 
the  loading  wire  is  only  0.012  in.  (0.305  mm.)  in  diameter,  and 
that  in  order  to  hold  it  around  the  copper  conductor  so  that  it 
will  remain  evenly  distributed,  it  is  necessary  to  apply  it  with 
considerable  tension,  it  is  more  than  likely  that  a  considerable 
amount  of  this  wire  has  been  heavily  strained.  This  is  indicated 
by  its  appearance.  During  manufacture  the  different  sections 
of  core  were  spliced  together  in  such  a  way  as  to  neutralize  as 
far  as  possible  any  unbalances  that  could  be  detected  at  that 
time.  It  will  be  seen  that  the  total  capacities  and  inductances 
of  the  different  cores  are  in  a  fair  degree  of  balance.  There  is 
very  little  danger  of  the  iron  wrapping  used  in  continuous  load- 
ing ever  becoming  permanently  magnetized,  as  this  would  require 
a  very  heavy  current. 

It  is  customary  to  measure  the  direct-current  insulation  resist- 
ance of  a  gutta-percha  core  at  75  deg.  fahr.  (24  deg.  cent.)  and 
after  one  minute's  electrification.  The  insulation  resistance 
increases  quite  rapidly  after  the  initial  electrification  and  only 
reaches  a  fairly  constant  state  after  some  time.  This  effect, 
although  not  well  understood,  seems  to  be  somewhat  similar  to 
the  polarization  effect  of  an  electrolytic  couple.  The  dielectric 
resistance  so  obtained  cannot  be  used  to  deduce  the  leakance 
S  for  calculating  the  attenuation  constant  and  circuit  impedance. 
Measurements  for  this  quantity  must  be  made  at  telephonic 
frequencies  and  voltage,  and  owing  to  the  extremely  small 
quantity  of  power  involved,  are  exceedingly  difficult  to  make 
with  any  degree  of  precision. 

Gutta-percha  is  rarely  employed  as  an  insulator  for  telephone 
conductors,  with  the  exception  of  submarine  cables  in  deep  water. 
While  information  regarding  its  various  characteristics  is  not 
very  plentiful,  a  brief  statement  of  its  qualities  may  be  of  interest. 
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It  is  composed  of  piire  gutta,  rosin  and  water.  It  is  a  vegetable 
gtun  sectired  from  certain  tropical  trees  very  much  the  same  as 
India  rubber.  It  is  collected  by  native  labor,  and  shipped  in 
the  raw  state  to  the  factory  where  it  is  prepared  for  commercial 
use.  The  first  step  in  its  preparation  is  to  remove  all  impurities, 
as  far  as  possible,  which  is  done  by  boiling  in  water.  It  is  then 
put  through  a  masticating  machine,  after  which  it  is  rolled  out 
into  thin  sheets. 

The  wire  which  is  to  be  insulated  with  gutta-percha  is  first 
given  a  coat  of  Chatterton's  compound,  and  then  a  coat  of  gutta- 
percha is  applied  ^'ith  a  sheathing  machine,  in  much  the  same 
manner  as  lead  sheaths  are  applied  to  the  ordinary  paper-insul- 
ated telephone  cable.  Additional  layers  are  applied,  alternating 
with  layers  of  Chatterton's  compound,  until  the  required  thick- 
ness of  dielectric  has  been  obtained.  It  should  be  noted  that 
gutta-percha  is  not  subjected  to  any  process  similar  to  the  vul- 
canization of  rubber,  but  is  used  in  the  raw  state.  It  contains  no 
sulphur,  and  copper  wires  do  not  require  tinning  before  being 
insulated  with  gutta-percha. 

In  general,  rosin  increases  the  initial  insulation  resis- 
tance of  gutta-percha,  but  if  it  is  present  in  too  great  pro- 
portions it  tends  to  separate,  especially  upon  exposure  to  heat 
and  light,  and  causes  cracks  to  form  in  the  insulation.  Ordinary 
grades  contain  from  five  to  six  per  cent  moisture.  The  insulation 
resistance  increases  very  rapidly  with  a  decrease  in  temperattire, 
so  that  at  45  deg.  fahr.  (7.2  deg.  cent.)  its  insulation  resistance 
is  about  ten  times  that  at  75  deg.  fahr.  (24  deg.  cent.).  If  it  is 
heated  much  above  80  deg.  fahr.  (27  deg.  cent.)  it  soon  softens, 
and  id  a  completed  cable  this  would  allow  the  cores  to  become 
deformed,  especially  if  the  cable  were  subjected  to  any  consider- 
able pressure,  such  as  the  lower  coils  in  a  cable  taiik.  Instances 
have  been  known  where  the  copper  conductor  by  its  own  weight 
became  so  eccentric  in  the  core  that  a  large  quantity  of  the  cable 
was  ruined  on  account  of  the  insulation  becoming  too  thin. 

Generally  speaking,  if  different  grades  of  gutta-percha  are 
mixed  together,  a  higher  dielectric  resistance  is  obtained,  but  the 
fibrous  structure  is  not  so  good  as  if  one  quality  were  used 
tliroughout. 

The  splicing  of  a  gutta-percha-insulated  conductor  is-  one 
requiring  no  little  skill  and  care.  It  is  necessary  in  splicing  a 
foor-core  cable  that  the  spliced  conductors  be  of  equal  length, 
so  that  no  one  splice  will  be  subjected  to  more  than  normal 
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[la  belle  and  crim] 
Fig.  2. — Details  of  Cable  Construction. 


[la  belle  and  crim] 
Fig.  3. — Coiling  of  Cable  in  Hold  of  Princess  Louise. 


Digitized  by 


Google 


PLATE  LVIII 

A.  I    E.  E. 

VOL.  XXXII,   1913 


•    ••  • 
.    •      •  • 


[la  belle  and  grim] 
Fig.  4. — Cable  in  Tank  on  Board  Crown  of  Galicia, 


Fig.  5. — Paying-out  Drums 
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[la  belle  and  crim] 
Fig.  6. — Cable  Laying  Gear  in  Operation. 


[la  belle  and  crim] 
Fig.  7. — Side  View  of  Cable  Ship  Under  Way 


[la  belle  and  crlm] 
Fig.  8. — Distribution  of  Magnetic 
Flux  in  Four-Core  Cable,  Current 
Flowing  in  Physical  Circuit  Only. 


[la  belle  and  CRlicJ 

Fig.  9. — Distribution  of  Magnetic 
Flux  in  Four-Core  Cable,  C^^^^^^tIc 
Flowing  in  Phantom  CiRCUiTr  "^  ^^ 
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stress.  In  splicing  the  conductors,  the  ends  are  scarfed  and 
soldered  together.  Then  the  joint  is  given  a  close  wrapping  of 
fine  copper  wire,  which  is  also  soldered  all  over.  A  second  wrap- 
ping of  fine  copper  wire  is  then  applied  in  reverse  direction  and 
soldered  only  at  the  ends.  In  case  the  joint  was  so  strained  as  to 
break  the  soldering  in  the  main  conductor  and  the  first  wrapping  of 
copper  wire,  this  last  spiral  wrapping  would  still  form  a  metallic 
connection  across  the  break.  In  joining  the  dielectric,  the  same 
number  of  layers  of  gutta-percha  are  applied,  alternating  with 
Chatterton's  compound,  as  are  used  in  the  manufacture  of  the 
core.  The  gutta-percha  is  warmed  with  a  spirit  lamp  until 
plastic,  and  is  applied  with  the  fingers.  The  finished  splice  must 
not  have  a  much  greater  diameter  than  the  unspliced  core  and 
must  show  leakance  not  in  excess  of  a  piece  of  core  ten  times  the 
length  of  the  splice.  Owing  to  the  inability  of  gutta-percha  to 
stand  exposure  to  moderately  high  temperature,  light  and  air, 
it  has  been  the  practise  among  European  engineers  to  splice  a 
piece  of  rubber-insulated  cable  on  to  the  gutta-percha  below  the 
water  level  at  the  shore  ends,  and  thus  make  the  landing 
with  rubber-insulated  cable.  As  it  is  well  nigh  impossible  to 
make  a  perfect  splice  between  rubber  and  gutta-percha,  it  is 
necessary  to  employ  a  water-tight  junction  box  if  this  method 
of  terminating  the  shore  ends  is  used.  No  method  has  yet  been 
found  for  cementing  rubber  and  gutta-percha  together  so  that 
the  joint  will  hold  for  any  appreciable  length  of  time .  The  practise 
of  using  rubber  insulation  for  the  shore  ends  was  not  followed 
in  laying  the  Point  Grey-Nanaimo  cable,  for  the  above  reasons. 
The  shore  ends  have  been  buried  from  the  terminal  in  the  cable 
hut  to  low  water,  and  on  account  of  this,  will  not  be  exposed  to 
temperature  very  much  above  that  of  the  sea  water.  Sufficient 
slack  has  been  left  in  the  cable  so  that  in  case  the  ends  at  the 
terminals  lose  their  insulating  qualities,  they  may  be  cut  off  and 
the  cable  reterminated.  In  this  way  the  ends  of  the  cable  may 
be  kept  in  excellent  condition  by  allowing  a  few  feet  extra  for 
the  cable  reterminating. 

In  a  four-core  cable  such  as  is  generally  used  for  telephone 
purposes  in  deep  water,  the  two  opposite  cores  are  used  to  form 
each  circuit.  It  is  not  necessary,  if  the  cores  are  arranged  sym- 
metrically about  the  center,  that  the  wires  be  twisted  in  pairs 
in  order  that  each  circuit  will  be  unaffected  by  the  current 
flowing  in  the  other.  The  wires  of  one  circuit  do  not  inter-loop  the 
lines  of  magnetic  force  from  the  other,  and  each  of  the  wires 
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is  under  the  influence  of  equal  and  opposite  electrostatic  fields. 
This  latter  is  not  true  of  a  cable  submerged  in  salt  water,  due  to 
the  shielding  eflect  of  the  salt  water.  As  mentioned  before,  it 
will  therefore  be  seen  that  the  two  circuits  arc  quite  independent 
of  each  other  both  electromagnetically  and  electrostatically. 
The  same  thing  is  true  of  the  superimposed  or  phantom  circuit, 
but  the  results  obtained  in  practise  are  not  so  good  as  with  the 
two  physical  circuits. 

In  selecting  a  design  of  cable  suitable  for  this  service,  the 
choice  was  practically  limited  to  a  four-core  gutta-percha  cable, 
loaded  either  by  the  continuous  or  Krarup  system,  or  by  the 
use  of  Pupin  coils.  Owing  to  the  depth  of  water  (1300  feet  =  396 
meters)  a  paper-insulated  lead-covered  cable  was  not  seriously 
considered.  The  stress  during  the  laying  would  so  strain  the 
cable  in  passing  over  the  drtuns  and  sheaves  that  there  would 
be  great  danger  of  impairing  the  insulation  between  the  wires. 
Owing  to  the  highly  distortional  effect  of  non-loaded  gutta-percha 
cable,  it  was  necessary  to  eliminate  such  a  cable  from  considera- 
tion. It  remained,  therefore,  to  choose  between  the  two  types  of 
loading.  It  is  well  known  that  a  coil-loaded  cable  is  quite  supe- 
rior to  a  continuously  loaded  cable,  or  in  fact  any  other  design 
of  cable,  when  electrical  qualities  alone  are  considered.  The 
continuously  loaded  cable  is  mechanically  quite  simple  and  upon 
its  completion  is  equally  as  strong  as  a  non-loaded  cable  such  as 
has  been  used  for  telegraph  service  for  years,  even  at  the  maxi- 
mimi  depth  of  the  ocean.  In  a  coil-loaded  cable  the  only  accept- 
able design  of  coil  so  far  employed  is  one  which  surroimds  the 
four  cores  of  the  cable,  and  which  is  taken  inside  the  regular 
cable  armor.  This  causes  an  increase  in  the  diameter  of  the 
cable  from  two  to  three  times  its  unloaded  diameter,  and  in 
spite  of  precautions  which  may  be  taken  in  the  manufacture, 
these  loaded  points  are  the  weakest  spots  in  the  cable,  both 
electrically  and  mechanically. 

The  two  best-known  examples  of  coil-loaded  submarine  cable 
extend  from  England  to  France  across  the  English  Channel,  and 
from  England  to  Belgium.  The  former  cable  is  about  20  nautical 
miles  (37.1  km.)  in  length,  and  the  latter  about  40  nautical 
miles  (74.2  km.)  in  length.  Neither  of  these  cables  is  laid  in  a 
very  great  depth  of  water,  and  both  are  under  the  supervision 
of  the  British  Post  Office,  which  has  available  cable  ships  espe- 
cially designed  for  the  laying  and  repairing  of  such  cables.  The 
older  of  these  cables  has  only  been  in  use  about  three  years,  and 
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during  this  time  no  serious  case  of  trouble  has  developed,  so  that 
the  actual  difficulties  to  be  encountered  in  repairing  this  type  of 
cable  can  only  be  forecasted  in  view  of  experience  in  repairing 
the  non-loaded  type. 

In  order  to  keep  the  transmission  in  a  coil-loaded  cable  at  its 
original  quality,  it  is  necessary  that  the  spacing  of  the  coils  be 
kept  as  originally  laid  out,  allowing  only  a  variation  of  five  per 
cent.  It  is  quite  obvious  that  this  is  not  true  of  the  continuously 
loaded  type,  and  any  increase  in  the  length  would  cause  an  in- 
crease in  the  transmission  loss,  only  in  proportion  to  the  increased 
length  of  the  cable  employed. 

In  case  of  a  fault  in  deep  water,  the  cable  is  picked  up  by  means 
of  a  grapnel  and  as  soon  as  it  is  brought  to  the  surface  it  must  be 
cut  in  order  to  relieve  the  great  strain.  One  end  is  retained,  and 
a  line  is  made  fast  to  the  other  end,  which  is  thrown  overboard 
with  a  buoy  attached.  The  cable  is  then  picked  up  until  the 
fault  is  located  and  repaired.  It  is  then  necessary  to  splice  in 
a  piece  of  new  cable  and  pay  out  until  the  buoyed  end  is  picked 
up,  when  as  much  slack  as  practicable  is  taken  out  and  the 
two  ends  spliced  together.  It  will  thus  be  seen  that  a  consider- 
able additional  length  of  cable  will  be  introduced  in  case  of  a 
fault  in  very  deep  water.  In  case  such  a  repair  was  made  at  a 
depth  of  1300  ft.  (396  m.),  under  the  most  favorable  conditions, 
it  is  quite  probable  that  800  to  1000  ft.  (244  to  305  m.)  of  addi- 
tional cable  would  be  introduced.  As  300  ft.  (91  m.)  is  the  great- 
est allowable  variation  with  coils  spaced  one  nautical  mile 
(1 .854  km.)  apart,  it  will  be  seen  that  the  coil  spacing  would  be 
badly  disarranged  and  serious  reflection  losses  introduced.  It 
must  also  be  remembered  that  no  gutta-percha  cable  is  manu- 
factured in  America  and  the  only  submarine  loading  coils  so 
far  manufactured  have  been  made  in  Europe,  and  in  case  exten- 
sive repairs  were  necessitated,  it  might  be  necessary  to  secure 
special  equipment  and  skilled  labor  from  Europe,  while  with  the 
type  adopted,  repairs  can  be  made  with  the  equipment  and  labor 
commonly  used  in  repairing  telegraph  cables. 

Comparisons  between  the  two  types  of  loading  have  been  made 
and  much  discussed  by  different  authorities,  and  a  comparatively 
recent  paper  on  this  subject  by  Mr.  J.  G.  Hill^  summarizes  argu- 
ments in  favor  of  the  two  types  in  a  very  excellent  manner.  It 
is  a  well-known  fact  that  the  two  types  of  cable  having  the  same 

1.  **  The  Loading  of  Submarine  Telephone  Cables,*'  by  J.  O.  Hill  —FJec^ 
trUal  Review  (London),  Nov.  29,  Dt^c  6  and  13,  1912. 
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transmission  efficiency  may  be  produced,  the  coil-loaded  cable 
at  much  less  expense  than  the  continuously  loaded  cable.  Mr. 
Hill  bases  his  comparison  on  two  factors;  one,  that  inductance 
can  be  added  by  the  continuous  method  of  loading  only  up  to  a 
certain  limit,  say  20  millihenrys,  while  by  coil-loading,  any 
desired  amount  of  inductance  may  be  added  to  the  circuit;  and 
second,  that  the  ratio  R/L^  obtainable  with  the  coil-loaded  cable, 
is  much  less  than  that  obtained  in  continuous  loading.  The  limit 
of  economic  loading  depends  upon  the  amount  of  resistance 
added  to  the  circuit  in  increasing  its  inductance. 

The  attenuation  constant  of  a  cable  is  unfavorably  affected  by 
the  addition  of  resistance.  All  known  methods  of  increasing 
the  inductance  of  a  circuit,  also  increase  the  effective  ohmic 
resistance,  and  Mr.  Hill  compares  thef  efficiency  of  the  added 
inductance  in  terms  of  the  amount  of  resistance  so  added.  It 
has  been  found  that  the  ratio  between  the  added  resistance  and 
the  added  inductance  for  continuous  loading  is  about  110,  while 
a  good  design  of  loading  coil  has  a  ratio  of  R/L  of  about  60. 
These  ratios  are  true  only  for  the  amount  of  inductance  used  in 
ordinary  practise.  The  increase  in  effective  resistance,  as  is 
well  known,  is  due  to  the  eddy  currents  and  hysteresis  losses 
in  the  iron  of  the  magnetic  circuit.  Eddy  current  losses  can 
be  reduced  by  subdividing  the  iron.  Hysteresis  losses  depend 
upon  the  degree  of  saturation  of  the  magnetic  field,  which  is  kept 
low  in  all  telephone  circuits.  Pupin  coils  employ  a  toroidal 
magnetic  core  composed  of  a  large  number  of  turns  of  very  fine 
iron  wire  with  some  type  of  enamel  insulation.  It  is  possible 
to  employ  several  layers  of  fine  wire  on  a  continuously  loaded 
cable,  and  several  have  been  laid  which  use  three  layers.  The 
improvement  in  the  magnetic  circuit  by  such  subdividing  is  not 
so  marked  as  in  the  coils,  and  the  expense  is  very  much  greater. 
It  would  seem  that  future  design  will  show  a  still  greater  advan- 
tage in  the  coil-loaded  type  of  cable,  as  it  is  probable  that  the 
R/L  for  loading  coils  can  be  reduced  still  more,  economically. 
It  might  be  of  theoretical  interest  to  remark  that  as  the  effective 
resistance  of  a  coil-loaded  conductor  is  a  function  of  the  frequency, 
it  is  therefore  impossible  to  build  a  distortionless  circuit  employ- 
ing iron  magnetic  fields. 

We  can  therefore  summarize  the  arguments  that  we  considered 
in  selecting  the  type  of  cable  as  follows: 

Arguments  in  Favor  of  a  CoH-Loaded  Cable.  1.  Could  employ 
smaller  conductors,  and  less  gutta-percha,  and  secxire  a  cheaper 
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cable  for  the  same  transmission  equivalent  (disregarding  ter- 
minal losses). 

2 .  Could  give  the  phantom  circuit  the  same  degree  of  loading 
as  the  physical  circuits. 

3.  Could  add  any  desired  amount  of  inductance. 

4.  Aging  of  the  iron  cores  of  the  loading  coils  could  not  un- 
balance the  circuits. 

Arguments  in  Favor  of  a  Continuously  Loaded  Cable,  1.  Sim- 
plicity of  construction. 

2.  Could  be  laid  and  repaired  like  an  ordinary  gutta-percha- 
insulated  telegraph  cable. 

3 .  Short  lengths  added  in  repairs  do  not  materially  affect  the 
transmission. 

4.  Not  liable  to  faults  at  loading  coils. 

5.  Faults  could  be  located  more  accurately  by  means  of 
resistance  meastirements. 

6.  Is  not  heavily  loaded,  and  therefore  has  less  reflection 
losses  at  shore  ends  where  it  joins  to  non-loaded  open  wire  lines, 
than  would  be  the  case  with  a  coil-loaded  cable. 

7 .  Known  to  be  reliable  at  the  greatest  depths  of  water. 

It  was  after  due  consideration  of  the  above  factors  that  the 
continuously  loaded  type  was  decided  upon,  and  the  results 
obtained  have  amply  justified  the  selection. 
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A   MODERN  SUBSTATION  IN  THE  COEUR  D'ALENE 
MINING  DISTRICT 


BY  JOHN  B.  FISKEN 


The  substation  which  foims  the  subject  of  this  paper  was 
put  into  service  in  November,  1910,  and  is  the  outcome  of  seven 
years'  experience  gained  by  the  Washington  Water  Power  Com- 
pany in  distributing  electric  power  by  means  of  60,000-volt 
lines  to  the  Coeur  d'Alene  mining  district  in  Northern  Idaho. 

This  substation  has  been  provided  for  the  purpose  of  sup- 
plying three-phase  power  to  the  Bunker  Hill  &  Sullivan  Mining 
and  Concentrating  Company,  at  2300  volts.  This  power  is  used 
for  all  purposes  contingent  to  mining,  such  as  running  com- 
pressors, pimips,  d-c.  generators  for  mine  and  yard  haulage, 
hoists,  saw  mills,  concentrators,  et  cetera,  and  for  commercial 
lighting  in  the  mining  towns  of  Kellogg  and  Wardner. 

As  an  indication  of  the  evolution  of  this  branch  of  The  Wash- 
ington Water  Power  Company's  business,  it  may  be  stated 
that  when  the  transmission  line  from  Spokane  was  put  into 
operation  in  August,  1903,  the  substation  built  at  that  time 
for  the  Bunker  Hill  &  Sullivan  mine  was  equipped  with  one 
transformer  of  275-kv-a.  capacity,  whereas  the  demand  now 
requires  three  650-kv-a.  capacity  transformers.  It  may  be 
here  stated  that  the  introduction  of  reliable  electric  power 
has  been  the  principal  factor  in  making  the  output  of  the  Coeur 
d'Alene  mining  district  in  lead  today  the  second  largest  of  any 
district  in  the  world.  And  not  only  has  this  power  been  of 
inestimable  value  to  the  developed  mines  of  the  district,  but 
on  accoimt  of  its  low  cost  and  its  flexibility  and  convenience 
it  has  enabled  prospects  to  be  developed  into  mines,  which 
without  it  would  have  remained  dormant  for  many  years. 
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The  location  of  this  substation  is  fortunate.  It  is  within  a 
distance  of  400  ft.  (122  m.)  from  the  main  transmission  lines, 
which  are  in  duplicate,  the  branch  being  provided  with  air 
switches  to  enable  it  to  be  connected  to  either  main  line.  There 
is  a  spur  from  the  railroad  about  26  ft.  (7.9  m.)  from  the  build- 
ing and  at  an  elevation  four  ft.  (1.2  m.)  below  the  floor  level, 
so  that  transformers,  or  other  heavy  apparatus,  can  be  rolled 
oflf  the  railroad  cars  and  into  the  building  without  having  to 
be  raised  or  lowered.  The  cooling  water  for  the  transformers 
comes  from  the  mine  timnel,  the  portal  of  which  is  at  an  eleva- 
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tion  of  about  43  ft.  (13  m.)  above  the  top  of  the  transformers. 
The  secondary  line  to  the  Bunker  Hill  &  Sullivan  main  switch- 
board is  only  about  750  ft.  (228.6  m.)  in  length.  These  almost 
ideal  conditions  are  not  easily  obtained  in  a  rough,  moimtainous 
coimtry. 

The  building  consists  of  a  framework  of  structural  steel, 
covered,  both  sides  and  roof,  with  galvanized  corrugated  iron, 
the  main  columns  being  supported  on  concrete  footings.  The 
floors  are  all  of  concrete,  making  the  building  practically  fire- 
proof.   Pigs.  1  and  2  show  the  details  of  the  steel  framework. 
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This  type  of  building  has  been  adopted  in  preference  to  brick, 
stone  or  concrete  buildings  on  account  of  the  ease  with  which 
it  can,  should  the  occasion  arise,  be  taken  down  and  reerected 
at  some  other  location.  The  experience  of  the  Washington 
Water  Power  Company  has  shown  that  such  occasions  do  arise, 
in  a  rapidly  growing  mining  country,     due  to  consolidation 


Fig.  2 


of  adjacent  properties  and  centralization  of  the  works,  or  to 
the  abandonment  of  properties  which  have  **played  out",  or. 
as  in  the  case  of  the  Bunker  Hill  &  Sullivan  mine,  to  the  ex- 
tensive development  of  the  property. 

While  the  steel  type  of  substation  olBfers  no  saving  in  first 
cost,  it  has  the  advantage  that  if  it  should  have  to  be  moyed 
all  that  is  lost  of  the  first  investment  is  the  cost  of  the  concrete 
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and  labor  of  erection  and  equipment.  This  has  been  demon- 
strated on  several  occasions  to  the  satisfaction  of  The  Wash- 
ington Water  Power  Company.  On  the  other  hand  the  salvage 
from  a  brick  building  is  practically  nothing,  as  the  cost  of  taking 
it  down  and  cleaning  the  brick  is  about  all  the  material  is  worth. 
The  first  type  of  brick  substation  is  shown  in  Fig.  3,  and  a  later 
type  in  Fig.  4.  The  first  tyi)eof  steel  substation,  which  is  stand- 
ard for  a  two-transformer  station,  is  shown  in  Fig.  5,  and  Pigs. 
6  and  7  are  exterior  views  of  the  Bunker  Hill  &  Sullivan  sub- 
station. 

Outside  the  substation  are  located  the  horn  gaps  for  the 
lightning  arresters,  and  reactance  coils  in  the  supply  wires  as 
a  further  protection  to  the  apparatus. 

All  incoming  wires  enter  through  porcelain  wall-tubes  set  in 
concrete  slabs.  These  wall-tubes  were  tested  to  135,000  volts 
when  subjected  to  a  precipitation  of  one  inch  of  water  per  five 
minutes  without  flashing  over;  to  a  potential  of  155,000  volts 
for  three  minutes  when  dry;  and  inunediately  after  the  last 
test  to  a  potential  of  166,000  volts  without  flashing  over.  Dur- 
ing these  tests  the  wall-tubes  were  arranged  with  their  axes  in  an 
approximately  horizontal  position,  the  connection  for  potential 
being  made  to  a  metal  support  in  contact  with  the  edge  of  the 
disk,  and  to  a  metal  rod  through  the  center  tube. 

The  lightning  arresters,  which  are  of  the  electrolytic  type, 
are  located  immediately  inside  the  buildings.  As  no  attempt 
is  made  to  heat  the  building,  and  as  temperatures  as  low  as 
—30  deg.  fahr.  are  not  uncommon,  it  was  considered  advisable 
to  provide  means  to  keep  the  temperature  of  the  lightning 
arresters  from  reaching  a  point  which  might  impair  their  eflS- 
ciency.  This  was  accomplished  by  building  a  housing  which 
can  be  heated  with  electric  heaters.  The  housing  consists  of 
an  open  framework  of  scantlings  covered  both  inside  and  out 
with  metal  lath  and  plastered  with  hydraulic  cement  plaster, 
the  open  spaces  being  filled  with  loose  shavings.  To  permit 
of  readily  removing  the  arresters,  portions  of  the  top  of  the 
housing  are  omitted  and  openings  are  left  in  the  front.  The 
openings  in  the  top  of  the  housing  are  closed  after  the  arresters 
are  in  place  by  means  of  asbestos  slabs,  and  removable  doors 
built  of  asbestos  slabs  strengthened  with  wooden  framework 
dose  the  openings  in  front.  Fig.  8  shows  the  details  and  Fig.  9 
gives  a  general  view  of  the  top  of  the  housing  with  roof  insu* 

tors  and  connecting  leads  of  copper  tubing. 
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Fig.  10  shows  vertical  and  horizontal  sections  of  the  sub- 
station with  the  apparatus  in  position. 

The  main  60,000-volt  conductors,  which  can  be  opened  near 
their  entrance  by  means  of  disconnecting  switches  (see  Fig.  11), 
go  through  an  oil  switch  to  the  busbars  above  the  transformers. 
The  oil  switch  is  equipped  with  a  series  overload  relay  in  each 
leg. 

The  transformers,  which  are  run  in  multiple,  are  water-cooled, 
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Fig.  8 — Details  of  Lightning  Arrester  Housing 


three-phase  connected,  the  primary  in  Y  and  the  secondary 
in  A,  the  neutral  of  each  high-tension  winding  being  grounded. 
Three  transformers,  of  650-kv-a.  each,  are  used  instead  of  one  of 
greater  capacity,  for  the  reason  that  they  were  available  when  the 
station  was  equipped  and  spare  transformers  of  that  size  are 
kept  on  hand;  it  is  expected,  however,  that  some  time  in  the 
future  these  will  be  replaced  by  larger  ones,  and  the  building 
has  been  designed  to  admit  of  the  installation  of  transformers 
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Up  to  2200-kv-a.  capacity.  The  use  of  water-cooled,  three- 
phase,  instead  of  single-phase  transformers  was  decided  upon 
for  several  reasons  when  the  first  transmission  line  was  built 
into  the  Coeur  d*Alene  country.  The  cost  per  kilovolt-ampere 
at  the  factory  was  very  much  less,  and  a  considerable  saving 
was  made  in  freight.  The  economy  in  floor  space  was  also 
a  factor,  not  only  on  account  of  the  saving  in  cost  of  the  sub- 
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Fig.  10 — Sections  of  Substation 


station  buildings,  but  owing  to  the  fact  that  many  of  the  sub- 
stations had  to  be  located  in  a  canyon  where  every  square  foot 
of  available  space  was  valuable,  while  others  had  to  be  located 
on  steep  mountain  sides.  The  Washington  Water  Power 
Company  was  among  the  first,  if  it  was  not  actually  the  first 
company  to  adopt  the  three-phase  transformer,  and  the  results 
have  been  such  that  after  an  experience  of  over  ten  jrears. 
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Fig.  11 — Disconnecting  Switches,  60,000  Volts 
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[fisken] 
Fig.  12 — Incoming  Water  and  Air 
Pipes 


[fisken] 
Fig.  13 — Transformer  Piping 
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Fig.  14- 

-Water  Relay 

[fiskbn] 
Fig.  15 — Thermostat 
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Fig.  17 — Automatic  Trip 


[fisken] 
Fig.  18 — Telephone  Equipment 
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not  only  in  the  company's  substations  but  in  its  generating 
plants,  it  continues  to  purchase  them. 

The  cooling  water  for  the  transformers  is  taken  from  the  mine 
tunnel  through  a  flume  to  a  storage  and  settling  tank,  from 
which  it  is  piped  to  the  transformers.  As  the  normal  flow  of 
water  is  greater  than  is  required,  the  level  in  the  tank  is  con- 
stant, and  a  low  water  alarm  is  provided  to'notify  the  attendant 
in  the  compressor  room  of  the  mine  if  for  any  reason  the  supply 
from  the  tunnel  should  be  cut  off.  Provision  is  made  for  the 
use  of  domestic  water,  but  in  the  dry,  hot  summer  months, 
when  the  water  is  most  required,  this  is  very  scarce  and  it  is 
only  used  in  case  of  emergency.  As  this  mine  water  carries 
considerable  solid  matter  in  suspension  and  as  all  of  it  is  not 
deposited  in  the  settling  tank,  a  permanent  connection  is  made 
to  each  transformer  from  the  mine  air  line,  and  at  frequent 
intervals,  what  solid  matter  has  settled  in  the  cooling  coils  is 
blown  out  by  air  at  a  pressure  of  about  80  lb.  per  sq.  in. 
(5.6  kg.  per  sq.  cm.).  Fig.  12  shows  the  incoming  water  and  air 
pipes  and  Fig.  13  is  a  view  of  the  piping  back  of  the  transformers. 

The  water  is  discharged  from  the  transformers  normally  into 
the  hoppers  shown  in  Fig.  13,  but  can  by  means  of  a  three-way 
valve  be  discharged  directly  into  the  drain  pipe. 

The  secondary  of  each  transformer  is  connected  to  the  2300- 
volt  busbars,  which  are  carried  along  the  side  of  the  building 
to  the  feeder  switches.  These  switches  are  attached  to  the  wall 
of  the  building  and  in  front  of  them  are  set  the  controlling  and 
instrument  panels,  ample  working  space  being  left  between. 

As  will  be  seen,  the  building  is  arranged  to  admit  readily  of 
extension  should  the  demands  of  the  service  require  it,  all  that 
is  necessary  being  to  extend  the  side  walls  and  roof  and  move 
the  end  back,  no  changes  being  necessary  in  the  front. 

For  the  protection  of  the  transformers  some  special  devices 
have  been  employed. 

To  prevent  damage,  if  for  any  reason  the  supply  of  water 
should  fail  and  the  low  water  alarm  in  the  tank  fail  to  act  or 
receive  the  necessary  attention,  a  little  device  which  is  called 
a  "water  relay  "  is  provided.  This  piece  of  apparatus,  shown 
in  Fig.  14,  and  as  installed,  in  Fig.  13,  consists  of  a  beam  having 
at  one  end  a  small  bucket  and  at  the  other  a  balance  weight 
which  can  be  moved  along  the  beam.  The  beam  is  fulcrumed 
so  that  when  the  bucket  is  full  of  water  the  combined  weight 
of  bucket  and  water  overcomes  the  balance  weight  and  raises  i|^ 
it.     A  vertical  rod  attached  to  the  beam  moves  in  avertickr^ 
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plane  and  by  means  of  a  system  of  levers  causes  two  metallic 
points  connected  electrically  as  well  as  mechanically  to  dip 
into  two  cups  of  mercury.  A  small  hole  is  made  in  the  bucket 
through  which  the  water  can  be  drained  out,  and  two 
binding  posts  connected  to  the  mercury  cups  allow  for  con- 
veniently attaching  the  wires  of  the  control  circuit.  This 
apparatus  is  moimted  on  the  discharge  pipe  over  the 
hopper  and  the  water  as  it  comes  from  the  transformers 
falls  into  the  bucket.  This  keeps  closed  the  control  circuit  of 
which  the  mercury  cups  and  contacts  form  a  part.  If  for  any 
reason  the  water  should  cease  to  flow  through  the  cooling 
coils  there  would  be  nothing  to  keep  the  bucket  supplied,  and 
what  water  was  left  in  it  would  run  out  through  the  drain  hole, 
thus  allowing  the  balance  weight  to  fall  and  opening  the  control 
circuit  at  the  mercury  cups.  By  varying  the  size  of  the  drain 
hole  a  fairly  accurate  time  element  can  be  introduced.  As 
will  be  explained  later,  the  opening  of  the  control  circuit  at 
the  mercury  cups  trips  out  the  60,0(K)-volt  oil  switch,  or  starts 
an  alarm  bell  ringing  if  the  switch  should  fail  to  open.  This 
apparatus  is  the  result  of  much  experimenting  and  has  now  been 
perfected  to  such  a  degree  that  absolute  reliance  is  placed  on  it. 
It 'has  demonstrated  its  value  on  several  occasions  and  all  water- 
cooled  transformers  installed  on  the  system  are  now  equipped 
with  it,  those  in  the  substations  where  there  is  no  constant 
attendance  being  arranged  to  trip  out  the  oil  switch,  while  in 
the  other  substations  and  power  houses  it  calls  the  attention 
of  the  attendant  by  ringing  the  alarm  bell. 

It  not  infrequently  happens  that  the  water  supply  may  be 
diminished  to  such  an  extent  as  to  allow  the  temperature  of  the 
transformer  to  rise  to  a  dangerous  degree  and  yet  prevent 
the  water  relay  from  operating;  or  an  excessive  overload  may 
come  on  without  causing  the  automatic  switches  to  open.  In 
either  event  the  results  as  far  as  the  transformer  is  concerned 
would  be  disastrous,  and  to  prevent  any  damage  from  these 
causes  a  thermostat,  Fig.  i5,  provided  with  suitable  binding 
posts  for  attaching  the  wires  of  the  control  circuit,  is  hung  in 
the  oil  above  the  windings.  This  thermostat  is  made  by 
riveting  together  two  metal  strips  of  different  coefficients  of 
expansion  and  is  adjusted  so  that  when  the  temperature  of  the 
oil  reaches  65  deg.  cent,  the  control  circuit  is  opened,  which, 
as  in  the  case  of  the  water  relay,  trips  out  the  60,000-volt  switch 
or  causes  the  alarm  bell  to  ring. 

The  control  circuit,  Fig.  16,  is  normally  closed,  is  energizedj 
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by  a  secondary  generator  giving  about  6  volts  alternating 
current  on  the  terminals  and  has  in  addition  to  the  water  relay 
and  thermostats  two  modified  50-ohm  telegraph  relays.  These 
relays  are  in  multiple  with  each  other  and  in  series  with  the 
water  relay  and  thermostat. 

As  originally  installed,  ordinary  relays  were  used,  the  magnet 
coils  being  energized  and  the  armatures  held  over  against  the 
pull  of  a  spring  so  that  the  secondary  contacts  were  open.     It 

was  found,  however,  that  the  constant 
chattering  of  the  armature  due  to  the 
alternating  current  was  very  hard  on 
the  apparatus  and  made  the  relays 
somewhat  unreliable.  This  difficulty 
was  overcome  by  providing  the  mag- 
nets with  two  windings  of  50  ohms 
each,  one  connected  in  the  control 
circuit  and  the  other  connected 
directly  to  the  generator,  the  two 
windings  being  in  opposition  to  each 
other.  Thus  as  long  as  the  control 
circuit  remains  closed  the  armature  is 
not  attracted,  but  should  this  circuit 
open,  the  remaining  winding  energizes 
the  magnet,  attracting  the  armature 
and  closing  the  relay  circuits  or  the 
alarm  bell  and  the  **  auto  trip". 

The  "auto  trip".  Fig.  17,  is  a  de- 
vice for  tripping  the  60,0(K)-volt  oil 
switch.  As  previously  stated,  the 
only  relays  for  this  switch  are  of  the 
Fig.  16— Control  Circuit  series  mechanical  type,  so  that  no  low- 
voltage  connection  could  be  made  to 
them  and  some  other  arrangement  had  to  be  made. 

Between  the  end  of  the  hand  rope  which  is  provided  for 
tripping  the  switch  by  hand  and  the  switch  tripping  mechanism, 
an  iron  rod  J  in.  (6.3  mm.)  in  diameter  is  introduced.  This 
rod,  which  is  connected  to  the  mechanism  by  a  chain,  to  give 
flexibility  without  stretching,  passes  through  the  iron  box 
containing  the  auto  trip  and  at  a  suitable  location  has  a  collar 
fastened  to  it  by  a  set-screw.  Above  the  set-screw  and  siu:- 
roimding  the  rod,  which  can  be  moved  through  it  freely,  is  a 
heavy  weight  suspended  on  a  dog  attached  to  a  toggle  arrange- 
ment.   The  trip  coil  is  located^under  the  toggle  joint  so  thatj 
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when  it  is  energized  the  plunger,  which  has  an  adjustable  dashpot 
to  provide  a  time  element,  is  pulled  up,  striking  the  toggle 
joint,  releasing  the  weight  and  allowing  it  to  fall  on  the  collar, 
which  trips  the  switch.  Owing  to  the  iron  rod  being  free  to 
move  through  the  weight,  the  switch  can  be  tripped  by  hand 
at  any  time,  independent  of  the  auto  trip. 

The  substation  is  provided  with  a  telephone  connected  to 
one  of  the  operating  lines,  the  equipment  being  temporary, 
to  be  changed  later  to  a  standard  equipment.  This  standard 
equipment  is  shown  in  Fig.  18.  The  incoming  lines  connect 
to  the  lower  ends  of  the  fuses,  the  telephone  being  connected 
to  the  upper  ends.  The  fuses  consist  of  an  alloy  wire  which 
fuses  at  one  ampere,  contained  in  glass  tubes  14  in.  long.  Above 
the  telephone  connections  are  the  lightning  arresters,  consisting 
of  two  carbon  plates  separated  0.01  inch  by  a  small  sheet  of 
mica  with  a  |-inch  diameter  hole  in  the  center,  the  groimd 
connections  being  taken  from  the  top  of  the  lightning  arresters. 
As  the  telephone  lines  are  carried  on  the  same  poles  with  the 
60,000-volt  line,  any  trouble  on  the  high-tension  system  induces 
high-voltage  surges  in  them  which  go  to  ground  through  the 
lightning  arresters  and  in  most  cases  blow  the  fuses.  An 
alarm  device  is  provided  which  starts  a  bell  ringing  should  a 
fuse  blow;  this  is  shown  below  the  fuse  tubes  in  Fig.  18.  A 
short  pivoted  arm  carries  on  one  end  a  contact  for  the  alarm 
circuit  and  on  the  other  a  small  weight.  This  weight  is  sus- 
pended from  the  fuse  wire  by  a  short  piece  of  fish  line  so  that 
the  alarm  circuit  is  normally  kept  open,  but  should  a  fuse  blow, 
the  weight  is  allowed  to  fall,  closing  the  contact  at  the  other 
end  of  the  arm.  This  alarm  device  is  not  generally  used  in  the 
substations  but  is  always  used  in  the  power  houses  and  patrol 
stations.  In  the  power  houses,  instead  of  ringing  a  bell  a  small 
pilot  lamp  is  lit,  which  indicates  at  a  glance  which  fuses  are 
blown.  In  the  patrol  stations  the  value  of  this  alarm  device 
is  inestimable.  Before  its  introduction  there  were  several 
occasions  on  which  the  fuses  were  blown  during  the  night  and 
were  only  discovered  when  the  patrolman  awoke  in  the  morn- 
ing. Under  these  circumstances  it  was  impossible  for  the 
system  operator  to  call  the  patrolman,  but  with  the  introduction 
of  the  alarm  device  this  difficulty  has  been  entirely  overcome. 

The  substation  is  in  close  proximity  to  some  valuable  mine 
buildings,  which  are  all  wooden  structures,  and  fear  was  ex- 
pressed by  the  manager  of  the  mine  that  if  the  oil  in  one  of 
the  transformers  should  catch  fire  and  the  burning  oil  boil 
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out  of  the  case  it  would  endanger  the  buildings.     To  overcome 
this  objection  the  building  inside  is  banked  with  concrete  and 
drains  are  provided  to  allow  the  burning  oil  to  flow  into  a  covered 
cesspool  large  enough  to  hold  all  the  oil  in  one  transformer. 
The  cost  of  this  substation  was  as  follows: 

Building  (including  concrete  foundations  and  floors) $3,733 .00 

Electrical  equipment  (exclusive  of  transformers) 5,003 .  00 

Transformers  installed 11,125 .00 

Water  system  for  transformers 651 .00 

Total $20>12T00 

or  $10.52  per  kv-a. 

The  annual  cost  of  operating  the  substation  is  as  follows: 

Depreciation  (being  the  sum  of  the  depreciation  of  each  item 

and  being  equsd  to  a  little  over  7%  of  the  total  cost)... .      $1,452.00 

Interest  at  8% 1,641 .00 

Taxes 77 .00 

Maintenance  and  operating  (being  the  average  of  the  annual 

cost  since  the  station  was  put  in  service) 530 .  00 

Total $3,700.00 

or  $1.90  per  kv-a. 

It  should  be  noted  that  the  small  item  for  operating  is  due  to 
the  fact  that  the  automatic  features  make  it  possible  to  dispense 
with  the  services  of  an  attendant.  The  substation,  however, 
is  visited  every  day  by  a  patrolman  who  changes  the  charts  of 
the  recording  instruments  and  makes  a  general  inspection. 

The  maximum  demand  of  the  Bunker  Hill  and  Sullivan 
Company  is  about  2000  h.p.  and  Table  I  shows  the  connected 
horse  power  of  motors  in  the  different  branches  of  the  mining 
operations  and  the  percentage  of  the  total. 

TABLE  I 
Connected  Load  or  Motors  at  Bunker  Hill  &  Sullivan  Mink 

h.p. 

Compressors 475 

MiUs 965 

Hoists 200 

Pumps 385 

HatUage 438 

Crushers 335 

Other  operations 182 . 5  6.1 


Per  cent  of  total 

16.1 

32.1 

6.7 

13.1 

14.7 

11.2 

2980.5  100.0 

To  those  who  are  familiar  with  the  operation  of  such  large 
mines  as  the  one  in  question  the  percentage  of  motor  capacity 
for  driving  compressors  will  no  doubt  appear  small,  but  this 
is  explained  by  the  fact  that  a  very  large  part  of  the  air  com- 
pression_is_done  by  water-driven  compressors.  ^  t 
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The  motors  in  the  mills  are  used  for  driving  a  great  variety  of 
apparatus  and  Table  II  is  of  interest  as  showing  the  different 
apparatus  with  the  work  done  by  each  and  the  size  of  motor 
required.  The  daily  output  of  the  mine  is  about  1200  tons  of 
ore  and  there  are  three  mills  available  to  handle  it,  but  Table  II 
merely  gives  the  data  of  the  two  newer  mills,  as  the  old  mill 
is  used  only  to  a  very  small  extent. 

The  following  Table  III,  which  shows  the  distribution  of 
cost  of  electric  power  and  light  for  an  average  month,  is  of  in- 
terest also  as  showing  the  cost  of  this  service  for  the  different 
operations. 

TABLE  III 
Distribution  of  Cost  of  Elbctric  Powbr  and  Light  for  One  Month 

Electric  power  Electric  light 


Hoiit S218.40  Tramming S41.10 

Pumps 412.80  Hoisting 3.10 

Mills 3100.25  Mill 25.40 

Mine  traction 237.74  Machine  shop 0.50 

Yard  traction 30.40  Sawmill 0.70 

Machine  shop 11 .65  Assay  office 0.25 

Saw  mill 79 .  10  Blacksmith  shop 0.25 

Assay  office 3 .  00  Yard 1.10 

Compressors 299 .  10                                                                      

Electric  light  used 72.40  72.40 


$4464.84 


After  more  than  two  years'  service  the  results  from  the  opera- 
tion of  this  substation  have  been  satisfactory  both  to  the  power 
company  and  the  customer.  There  have  been  some  interrup- 
tions to  the  service,  but  considering  that  the  transmission  line  feed- 
ing this  station  is  about  eighty  miles  in  length  and  runs  through 
a  rough  mountainous  country,  this  has  to  be  expected.  During 
the  year  1912  there  were  fifteen  such  interruptions  of  an  average 
duration  of  fifteen  minutes  each.  The  causes  were  various, 
such  as  lightning,  limbs  of  trees  blown  into  the  wires,  insulators 
broken  by  rifle  shots  and  so  forth.  In  addition  there  were, 
during  the  same  period,  about  four  interruptions  due  to  trouble 
on  some  part  of  the  mining  company's  installation. 

In  conclusion  the  author  desires  to  acknowledge  his  obligation 
to  Mr.  Walter  C.  Clark,  electrical  engineer,  and  Mr.  R.  S. 
Handy,  mill  superintendent,  both  of  the  Bunker  Hill  &  Sullivan 
Mining  and  Concentrating  Company  of  Kellogg,  Idaho;  to 
the  former  for  information  given  in  Table  III;  to  the  latter 
for  the  information  contained  in  Table  II. 
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Discussion  on  "  A  Modern  Substation  in  the  Cobur 
d'Alenb  Mining  District  "  (Fisken),  Vancouver,  B.  C, 
September  11,  1913. 

W.  V.  Hunt:  I  have  listened  with  great  interest  to  the  paper 
read  by  Mr.  Fisken,  and  I  was  particularly  interested  in  the 
design  of  a  substation  that  could,  if  necessary,  become  a  portable 
substation,  inasmuch  as  it  could  be  moved  to  another  district. 

I  think  in  some  cases  we  might  go  further  with  the  design  of 
substations  with  that  idea  in  view;  we  have  some  substations 
that  are  more  portable  than  that,  as  they  are  built  on  standard 
railroad  cars,  and  we  can  take  them  aroimd  on  our  system,  and 
I  think  this  idea  might  be  extended  to  some  mining  districts, 
keeping  the  capacity  of  the  substation  within  reasonable  limits. 
We  may  adopt  a  substation  on  the  lines  of  the  one  developed  by 
Mr.  Fisken  in  some  districts  adjacent  to  Vancouver. 

Frederick  D.  Nims:  I  have  talked  this  subject  over  with 
Mr.  Fisken  considerably  during  the  last  year  or  two,  and  I 
think  his  station  and  one  that  we  might  build  would  be  very 
much  along  the  same  lines;  I  think  there  are  a  few  points  that 
we  cannot  agree  upon,  one  being  that  he  leans  a  little  bit  too 
much  to  three-phase  transformers.  In  putting  in  a  station 
such  as  he  describes,  with  three  650-kw.  three-phase  trans- 
formers, personally  I  would  prefer  to  put  in  transformers  of  a 
slightly  higher  voltage,  connecting  them  in  delta,  having  an 
opportimity  of  nmning  open  delta  with  one  transformer  dis- 
connected, if  the  occasion  should  arise.  This  is  merely  a 
difference  of  opinion. 

I  ask  Mr.  Fisken  to  what  capacity  he  thinks  it  is  possible 
to  carry  the  automatic  idea.  Personally,  I  do  not  see  any  reason 
why  it  should  not  go  as  far  as  you  like.  Also,  from  the  illustra- 
tions, it  would  appear  that  a  single  circuit  of  60,000  volts  goes 
into  the  substation.  From  what  distance  does  that  single 
circuit  run  over  a  double-circuit  line,  or  to  what  extent  is  the 
station  dependable  on  a  single  circuit,  in  miles? 

I  have  seen  the  water  relay  and  it  is  very  ingenious  indeed, 
but  the  comment  which  I  made  to  Mr.  Fisken  is,  that  I  think  he 
has  gone  a  little  bit  too  much  to  automatic  devices  and  not 
left  quite  enough  to  the  man  who  goes  around  to  look  after  the 
station. 

W.  Fraser:  I  believe  that  the  use  of  portable  substations  or 
semiportable  substations  will  become  more  usual  in  the  futiure 
than  it  has  been  in  the  past.  The  cost  of  operation  is  actually 
reduced  and  I  think  that  is  what  all  companies  are  trying  to 
accomplish  at  the  present  time. 

Mr.  Fisken  did  not  give  us  the  type  of  the  lightning  arrester, 
nor  state  whether  they  are  charged  bi-weekly  or  daily;  I  expect 
it  is  daily  charging,  however,  because  it  seems  that  a  patrolman 
is  on  the  scene,  and  therefore  it  might  be  convenient  to  charge 
them  daily. 
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Ithink  the  advantages  of  the  daily  over  the  bi-weekly  charg- 
ing warrant  the  installation  of  the  d^y  charging  arrester. 

C.  F.  Terrell:  I  rather  question  the  use  of  water-cooled 
transformers  for  this  class  of  service;  the  use  of  self -cooled 
transformers  means  a  higher  first  cost,  but  on  the  other  hand 
gives  greater  simplicity  and  reliability,  freedom  from  troubles 
that  attend  equipment  for  supplying  cooling  water,  and  it 
would  probably  be  possible  to  have  the  substation  inspected  by  the 
patrolman  at  less  frequent  intervals. 

L.  G.  Robinson:  The  improvement  of  the  automatic  sub- 
station is  undoubtedly  going  to  be  a  great  boon  to  the  railway 
men  who  have  the  electrification  of  tnmk  lines  at  heart. 

A  great  deal  of  fault  was  fotmd  with  the  high  cost  of  elec- 
trification of  trunk  lines,  and  a  good  deal  of  that  high  cost  is 
due  to  the  permanent  nature  of  the  substations  which  have  to 
be  built  for  the  purpose.  Many  features  were  responsible 
for  this  high  cost  of  permanent  stations,  and  principally  among 
them  were  the  idea  of  continuous  service  and  substantial  con- 
struction for  the  high  factor  of  safety  recommended  by  Prof. 
Karapetoff — a  high  factor  of  safety  of  course  is  always  accom- 
panied by  heavy  and  expensive  construction — and  I  think  we 
can  all  admit  that  a  high  factor  of  safety  in  regard  to  automatic 
substations  can  be  attained  with  the  acquirement  of  these 
automatic  features.  The  station  does  not  have  to  be  built 
upon  heavy  lines, of  solid  concrete;  the  B.  C.  Electric  Railway 
Company  has  succeeded  in  building  a  substation  which  can 
be  carried  about  on  wheels,  and  Mr.  Fisken  has  succeeded  in 
building  a  substation  which  can  be  moved  about  at  a  minimum 
of  expense.  Together  with  this  comes  the  idea  of  automatically 
cutting  out  faiilty  lines  in  order  that  operation  may  go  on 
uninterrupted.  That,  I  believe,  up  to  the  present  time  has 
been  considered  an  impossible  feat.  I  know  that  companies 
with  which  I  have  been  connected  years  before  this  have  operated 
under  great  difficulties  from  this  particular  featiu'e — they 
have  not  been  able  automatically  to  cut  out  high-voltage  trans- 
mission lines. 

I  agree  with  Mr.  Nims  that  a  good  deal  of  responsibility 
should  be  placed  upon  the  operator,  and  we  must  depend  upon 
his*"  personal  equation  "  so  to  speak;  when  the  operator  finds 
difficulties  there  usually  is  a  time  element  sufficient  for  him  to 
make  up  his  mind  whether  he  will  hang  on  or  cut  loose,  and 
that,  as  a  rule,  in  the  past  has  been  the  safest  procedure — ^his 
balancing  the  cost  of  interruption  against  the  cost  of  damage 
from  hanging  on. 

J.  A.  Lighthipe:  Are  you  attempting  to  use  telephone  trans- 
formers between  your  high-tension  line  and  your  telephone? 
We  have  in  Los  Angeles  two  portable  substations  of  750  kv-a. 
capacity,  on  a  heavy  15-ton  truck,  and  we  pull  this  truck  all  over 
the  country  roads,  sometimes  in  the  case  of  emergency  with  an 
automobile  truck;  it  has  been  of  the  utmost    service    to   us 
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in  helping  out  some  of  otir  substations  with  burned  out  trans- 
formers. It  is  also  very  valuable  for  conventions  and  illumina- 
tions and  things  of  that  sort,  where  there  is  for  a  short  time,  a  week 
perhaps,  a  very  heavy  illuminating  load  in  a  certain  portion 
of  the  town  where  it  is  not  provided  for,  except  with  high 
potential  loads. 

A.  A.  Miller:  This  matter  of  automatic  substations  is  attract- 
ing an  increasing  amount  of  attention.  Some  of  you  have 
imdoubtedly  read  the  paper,  which  was  presented  by  Mr. 
Summerhayes  at  a  comparatively  recent  meeting  of  the  Insti- 
tute, which  paper  appears  in  this  volume,  p.  1685,  describing 
an  automatic  synchronous  converter  substation  used  in  the 
city  of  Detroit.  That  station  has  in  it  apparatus  which  is 
occasionally  looked  upon  as  being  somewhat  difficult  to  operate, 
but  notwithstanding  these  difficulties,  the  automatic  starting, 
synchronizing  and  adjusting  are  said  to  be  successfully  accom- 
plished, and  the  sjmchronous  converter  made  to  carry  its  proper 
share  of  the  load;  all  of  this  being  done  by  means  of  the  single 
alternating-current  circuit  provided  for  supplying  power  to  the 
substation. 

It  is  reasonable  to  predict  that  a  somewhat  extensive  effort 
will  be  made  to  perfect  automatic  apparatus,  and  to  weed  out 
any  defects  that  may  exist,  which  are  only  to  be  discovered  by 
continued  use  and  diversified  application,  and  after  the  re- 
liability of  the  equipment  and  the  practicability  of  the  idea  are 
thoroughly  established,  we  can  rationally  expect  considerable 
use  of  automatic  substations. 

There  may  come  a  time  when  such  substations  will  be  used 
in  railway  trunk  line  electrification,  but  the  reliability  of  the 
assembled  parts,  working  as  a  whole,  must  be  pretty  thoroughly 
demonstrated  before  we  can  expect  such  application. 

Portable  railway  substations  have  been  successfully  used 
for  some  years.  They  involve,  in  nearly  all  instances,  alter- 
nating-current transformers,  for  reducing  to  the  proper  voltage 
for  the  rotating  equipment  required  for  direct  current,  generally 
of  600  volts  potential.  Sometimes  synchronous  converters  are 
used  in  such  portable  substations,  and  sometimes  motor-gen- 
erator sets,  depending  upon  the  individual  preferences  of  the 
engineer  selecting  the  equipment  and  the  exigencies  of  the 
particular  application.  I  believe  that  portable  alternating- 
current  power  substations,  both  single-phase  and  polyphase, 
can  be  used  to  great  advantage  by  many  power  companies. 
The  field  for  such  outfits  is  surely  enlarging  rapidly,  and  the 
moderate  voltage  transmission  lines,  or  more  properly  termed, 
intermediate  voltage  distributing  lines,  are  now  penetrating 
many  farming  and  agricultural  districts,  a  class  of  business 
not  particularly  sought  heretofore.  The  result  is  an  increasing 
number  of  relatively  small  substations,  the  total  weight  of  the 
apparatus  involved  being  no  unwieldy  amount.  Many  of 
these  substations  are  of  the  outdoor  type,  and  the  form  of 
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construction  used  makes  it  possible  to  provide  for  easy  dis- 
connection of  the  permanent  apparatus,  and  the  quick  sub- 
stitution of  a  portable  equipment.  It  seems  to  me  this  idea  is 
entirely  practicable,  and  that  the  portable  alternating-current 
substation  is  boimd  to  become  a  very  handy  tool  for  the  power 
companies. 

R.  W.  Pope:  In  speaking  of  the  developing  of  automatic 
stations  and  machinery,  it  occurs  to  me  that  a  recent  law  of  the 
state  of  Washington  requiring  an  additional  man  at  substations 
might  stimulate  the  invention  of  automatic  devices  so  that 
instead  of  one  man  there  would  be  no  man  in  attendance. 

In  visiting  a  station  of  this  kind  attended  by  one  man  I 
happened  to  glance  at  the  instructions  for  resuscitation  and  the 
name  of  the  nearest  doctor  to  be  called,  and  it  occurred  to  me 
that,  possibly,  was  one  of  the  reasons  why  the  law  was  being 
agitated  requiring  a  second  man  to  be  in  attendance — in  case 
of  the  disability  of  the  other  one. 

The  development  of  the  automatic  telephone  S5^tem,  I 
think,  is  one  that  might  be  well  studied.  Of  course  the  conditions 
are  entirely  different.  Another  instance  is  the  automatic 
block  signals  of  the  railroad  companies.  The  manual  system 
has  to  a  large  extent  been  displaced  by  the  automatic,  it  having 
been  foimd  that  the  latter  is  particularly  reliable  compared 
with  the  attendance  of  an  operator. 

R.  F.  Hayward:  The  question  of  the  design  and  operation 
of  transformer  substations  for  large  high-tension  distribution 
systems  is  of  very  great  importance  on  the  Pacific  Coast,  where 
wages  of  operators  are  very  high. 

Where  operators  are  employed  in  transformer  stations, 
it  is  generally  necessary  to  employ  three  shifts,  and  often,  as 
a  matter  of  personal  safety,  a  second  man  on  a  shift  is  employed. 
If  this  sort  of  thing  were  done  for  anything  but  large  and  im- 
portant transformer  stations,  it  would  run  up  the  operating 
costs  of  the  distributing  system  so  much  that  no  profitable 
business  could  be  done  in  a  scattered  district. 

The  time  was  when  current  from  2000-volt  lines  was  served 
to  customers  through  the  meditun  of  transformer  stations, 
but  now  outdoor  transformers  are  in  very  general  use  on  12,000- 
volt  distributing  systems,  which  are  operating  with  as  much 
ease  and  economy  as  the  older  2000-volt  systems.  Consumers 
are  connected  at  any  point  on  a  12,000-volt  line,  through  the 
medium  of  12,000-volt  transformers  placed  on  poles. 

It  is  only  a  step  from  12,000  or  20,000  volts  to  distribution  at 
60,000  volts  in  much  the  same  manner. 

The  tendency  at  the  present  time  is  to  treat  the  transformer 
as  part  of  the  line,  and  if  60,000-volt  transformer  installations 
are  developed  along  the  lines  of  Mr.  Fisken's  design,  I  do  not 
think  it  will  be  very  long  before  a  60,000-volt  distribution 
system  can  be  tapped  for  service  at  any  point  where  the  demand 
may  occur.    The  only  difference  between  60,000-volt  and  12,000- 
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volt  installations  will  be  that  the  units  dealt  in  will  be  larger 
in  the  former  than  in  the  latter. 

The  demand  for  the  supply  of  power  to  mines  and  smelters 
has  been  one  of  the  principal  causes  of  the  rapid  development 
in  long-distance  transmission  during  the  past  fifteen  years. 
The  exacting  requirements  of  the  power  supply  for  these  pur- 
poses have  taught  operators  their  most  important  lessons  in 
giving  continuous  service. 

But  of  all  the  lessons  learned  in  the  West,  the  greatest  seems 
to  me  to  be  that  mechanical  strength  in  line  construction, 
and  simplicity  of  arrangement  of  switches  and  connections, 
will  go  much  fiuther  towards  continuous  service,  than  duplica- 
tion of  lines,  switches  and  transformers  with  complicated 
connections. 

Simplicity  of  connections — ^whether  it  be  in  the  generating 
station,  transmission  line,  or  transformer  station  and  distributing 
lines — is,  I  believe,  the  keynote  to  success  in  giving  continuous 
service. 

V.  Karapetoff:  This  question  of  delta  versus  Y  connection 
seems  never  to  lose  its  interest  and  it  is  one  of  these  questions 
that  I  do  not  believe  will  ever  be  settled,  because  the  conditions 
of  operation  are  changing,  and  the  apparatus,  the  safety,  and 
the  reliability  desired  are  also  changing  with  the  progress  of 
the  art.  Personally,  I  believe  that  this  connection— ddta-Y — 
probably  with  considerable  impedance  between  the  neutral  and 
the  ground,  is  a  condition  that  is  applicable  to  a  great  many 
transmission  systems,  notwithstanding  I  have  foimd  systems 
that  operated  delta-delta  or  Y-Y,  and  I  should  like  to  hear 
some  expression  of  opinion  from  those  who  have  the  most 
recent  experience  as  to  how  the  matter  stands  now. 

Mr.  Fisken  mentions  an  automatic  device  for  indicating 
when  the  fuse  wire  blows  out.  Some  years  ago  I  was  connected 
with  a  large  transmission  company  in  the  East  and  we  had 
this  trouble.  Some  branch  lines  on  a  60,000-volt  circuit  were 
protected  by  copper  fuse  wires  about  16  ft.  (4.8  m.)  long,  placed 
in  rubber  tubes,  and  at  night  one  of  these  wires  wotdd  blow, 
and  a  little  town  or  factory  wotdd  be  without  light  or  power 
and  the  question  was  put  to  me  to  find  some  kind  of  indicator 
that  would  notify  the  nearest  patrolman  about  this  occurrence. 
So  I  went  to  the  principal  maniaf  acturers  of  this  kind  of  apparatus 
and  suggested  all  kinds  of  devices  that  they  could  ftunish, 
but  one  of  the  representatives  finally  told  me,"  You  do  not  need 
any  complicated  apparatus,  all  you  need  is  to  attach  a  weight  to 
your  wire  so  that  when  it  blows  the  weight  drops  and  closes  a 
circuit  that  rings  a  bell  in  the  patrolman's  cabin.'*  That  was  a 
simple  idea,  and  it  did  me  a  great  service. 

John  B.  Fisken:  Mr.  Hunt  suggested  portable  substations 
on  flat  cars.  I  wonder  if  Mr.  Himt  has  ever  been  in  a  mining 
district?  If  we  could  only  get  an  aeroplane  that  would  lift 
a  650-kilowatt    transformer  up  to  one  of  our  substations  it 
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wotdd  be  a  great  help.  We  have  one  or  two  substations  where 
we  have  as  much  as  30  or  35  per  cent  grade  to  get  material  up. 
There  is  much  to  be  said,  however,  in  favor  of  the  substations  on 
flat  cars  or  on  wagons  if  the  country  is  suitable. 

Now,  our  distribution  is  not  entirely  mining.  Out  of  550 
miles  (167.6  km.)  of  60,000-volt  lines,  I  suppose  more  than  half 
of  it  is  in  farming  country  with  substations  scattered  all  over 
it,  and  therefore  there  is  no  doubt  that  the  flat  car  substation 
might  be  a  very  good  adjunct  to  our  business;  the  tmforttmate 
part  of  it  is  that  the  "  pickings  "  are  awfully  thin.  In  order 
to  make  anything  at  all  we  have  got  to  keep  down  our  investment, 
and  when  we  make  our  rates  we  have  it  tmderstood  that  we  will 
do  the  best  we  can  to  give  a  constant  service,  but  we  cannot 
undertake  to  keep  spare  transformers  in  every  station,  or  even 
go  to  the  expense  of  maintaining  a  substation  on  a  flat  car. 
We  do  keep  spare  transformers  at  important  points  ready  for 
shipment,  and  we  can  load  a  transformer  and  easily  have  it 
started  on  the  road  in  about  two  to  three  hours. 

Referring  to  Mr.  Nim*s  discussion,  I  do  not  see  any  reason 
why  we  shotdd  go  to  the  expense  of  hauling  three  transformers 
up  a  motmtain  side  when  we  can  haul  one.  The  weight  per 
kv-a.  of  three  transformers  is  greater,  the  space  required  for 
them  is  greater,  and  when  you  have  to  excavate  in  a  mountain 
side  to  get  some  place  to  set  them  so  they  won't  roll  to  the  bottom 
that  is  quite  an  item.  There  is  one  advantage  that  Mr.  Nims 
points  out,  that  is,  in  the  event  of  a  bum-out  in  one  transformer, 
if  your  connections  are  delta-delta  you  can  cut  out  one  and  run 
open  delta.  The  three  single-phase  transformers  have  six 
points  of  weakness — they  have  six  entrance  bushings;  the  three- 
phase  transformer  has  three,  which  cuts  down  the  liability  of 
trouble  to  that  extent;  but  the  prime  reason  why  we  adopted 
the  three-phase  transformer  was  that  our  first  60,000-volt  line 
was  built  into  this  mining  coimtry.  Twelve  years  ago  we  did 
not  know  anything  about  it,  we  had  nothing  to  guide  us,  and 
the  factory  engineers  recommended  three-phase  transformers; 
we  took  their  advice  and  after  ten  years  of  operating  experience 
we  have  never  seen  any  reason  for  changing  our  plans.  Where 
we  have  three  three-phase  transformers,  we  might  substitute 
three  single-phase  transformers,  but  we  use  these  three-phase 
transformers  in  all  our  stations,  and  in  many  places  we  only 
have  one  transformer,  which  would  mean,  if  we  used  single- 
phase  transformers  in  these  stations,  that  our  other  spare 
apparatus  would  not  be  available. 

Mr.  Nims  asked  the  question  as  to  what  extent  the  automatic 
idea  could  be  carried.  My  opinion  is  that  there  is  no  limit, 
it  can  be  carried  to  almost  any  extent. 

Another  question  was  about  the  length  of  the  single  circuit. 
This  station  is  400  ft.  (121.9  m.)  distant  from  the  mainlines, 
which  are  in  duplicate.  The  two  lines,  up  to  a  certain  point, 
follow  different  routes,  on  different  rights-of-way;  at  a  point 
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about  twelve  miles  from  this  particular  substation  they  come 
together.  At  that  point  we  have  a  60,000-volt  switching  station, 
equipped  with  oil  switches,  electrically  controlled.  There  we  can, 
by  putting  the  two  lines  on  the  same  bus  at  one  of  our  stations, 
switch  the  load  from  one  line  to  the  other  in  case  of  repairs, 
which  we  do  frequently.  In  case  of  trouble  of  course  we  can 
either  switch  at  this  particular  switching  station  or  we  can 
transfer  the  branch  line  by  means  of  the  air  switches  to  either 
of  the  main  lines.  At  a  point  some  twelve  miles  beyond  we 
have  another  60,000-volt  switching  station  of  oil  switches, 
so  that  we  have  considerable  flexibility.  The  duplicate  line 
has  not  been  used  to  any  extent  except  for  repairs.  The  question 
of  the  length  of  a  shut-down  in  the  mines,  provided  it  does  not 
extend  over  a  long  period,  is  immaterial.  A  large  part  of  the 
load  is  in  the  concentrators.  If  thepower  goes  off ,  the  concentrator 
is  choked  and  it  has  to  be  cleaned  out  and  started  over  again, 
so  that  the  question  of  whether  it  is  off  for  15  minutes  or  two 
hours  is  not  very  material;  the  big  loss  to  the  mining  company 
is  in  getting  started  again. 

Mr.  Nims  suggested  that  there  is  too  much  left  to  the  auto- 
matic features,  and  not  enough  to  the  attendant.  I  do  not 
know  whether  this  contention  is  right  or  not,  but  the  attendant 
claims  that  he  has  too  much  to  do;  he  has  to  take  care  of  a  line 
that  rises  to  an  elevation  of  about  3000  ft.  (914  m.)  above 
where  his  station  is  located — there  is  no  road,  but  there  is  a  rough 
trail,  and  he  has  to  go  up  there  five  miles  (8  km.)  very  frequently; 
he  has  another  line  about  8  miles  in  length  to  take  care  of, 
and  a  third  line  about  the  same  length,  so  that  the  attendant  is 
very  seldom  at  the  station.  His  house  is  only  a  few  hundred 
feet  away,  so  that  when  he  is  at  home  he  is  available;  but  the 
station  is  designed  to  do  without  even  this  attendance;  all  that 
we  require  of  him  is,  as  I  have  said,  to  change  the  charts  on 
the  recording  instruments  and  make  a  general  inspection  of 
the  plant.  I  think,  for  that  reason,  all  the  automatic  features 
I  have  outlined  are  necessary.  I  might  state  that  in  the  early 
days  what  really  started  us  on  working  out  these  automatic 
features  was  an  occurrence  that  happened  at  this  same  plant, 
although  at  that  time  it  was  an  old  substation.  I  got  a  call 
one  Sunday  morning  about  six  o'clock,  telling  me  the  trans- 
former 275  kv-a.  at  Bunker  Hill  was  burned  out.  I  had  just 
time  to  jump  into  some  clothes,  mako.  a  rush  and  catch  the 
morning  train.  I  reached  there  about  one  o'clock  and  was  met 
by  one  of  the  men,  who  said  it  was  all  right.  He  said  "  The 
water  stopped  running  and  the  transformer  got  hot."  I  went 
down  and  looked  it  over,  everything  was  all  right;  but  that  was 
the  time  when  it  occurred  to  me  that  it  was  necessary  for  us 
to  have  some  means  of  protecting  our  transformers  in  case  of  a 
recurrence  of  a  shortage  of  water,  and  the  "  auto  trip  '*  or 
"  water  relay  "  was  the  result.  The  first  water  relay  we  built 
was  a  very  crude  affair,  which  has  gone  through  a  number  of 
stages  before  we  finally  adopted  our  present  type.  r^r\r\n]r> 
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In  answer  to  Mr.  Fraser  I  would  state  that  the  lightning 
arresters  are  of  the  electrolytic  type,  and  are  charged  daily. 
The  patrolman  usually  gets  back  home  at  night;  if  he  does  not 
he  telephones  in  to  one  of  the  mining  company's  men  to  charge 
the  arresters;  but  as  a  rule  he  attends  to  them  himself . 

Mr.  Terrell  questioned  the  use  of  the  water-cooled  trans- 
formers, and  his  contention  I  think  rather  well  founded.  Unless 
there  is  a  water  supply  under  gravity,  I  do  not  favor  the  use  of 
water-cooled  transformers,  and  in  our  practise  we  are  getting 
away  from  them.  Our  first  transformers  used  in  the  Coeur 
d'Alene  country  were  all  water-cooled.  Our  experience  now 
is  that  up  there  it  is  the  hardest  thing  in  the  world  to  get  water. 
The  mining  companies  actually  pump  the  water  for  the 
concentrators  two  or  three  times;  after  the  water  has  gone 
through  the  mill  they  catch  it  and  pump  it  up  again,  so  that 
we  have  been  compelled  on  that  account  to  get  away  very 
largely  from  the  water-cooled  transformers;  but  whenever  a 
supply  of  good  water  under  pressure  can  be  obtained  the  saving 
in  the  cost  of  handling  a  water-cooled  transformer  as  against 
an  air-cooled  certainly  justifies  the  use  of  the  water-cooled 
transformer,  especially  where  you  have  to  haul  them  up  the 
side  of  a  mountain . 

Mr.  Robinson  suggested  automatic  substations  for  railway 
electrification.  If  you  gentlemen  ever  come  to  Spokane,  and 
I  hope  some  day  you  all  will,  you  will  have  an_ppportunity  of 
seeing  automatic  substations  on  an  electric  railroad.  The 
Inland  Empire  Railway  system  covers  about  100  miles  (161  km.) 
of  single-phase  railway  where  the  substations  are  entirely  auto- 
matic. I  am  not  very  familiar  with  the  apparatus  there,  but 
I  do  know  that  I  have  never  seen  any  attendant.  As  a  general 
thing  substations  are  located  close  to  a  depot,  and  the  agents, 
when  they  are  not  telegraphing  or  making  out  waybills  or 
doing  something  else,  go  across  and  look  at  them;  they  have 
worked  out  the  automatic  substation  for  railway  electrification. 

In  regard  to  our  chairman's  question,  we  are  using  many 
telephone  transformers.  Our  incoming  telephone  lines  to  the 
Spokane  office — we  have  six  or  eight  of  them — are  all  equipped 
with  telephone  transformers;  the  main  generating  plants  are 
equipped  with  telephone  transformers;  on  such  substations 
as  I  have  outlined  we  provide  a  stool,  which  is  nothing  more 
or  less  than  a  high-tension  insulator  with  a  platform  on  top 
of  it,  and  a  man  stands  on  that  when  he  is  telephoning. 

I  think  I  have  answered  our  chairman's  remarks  with  reference 
to  a  substation  on  a  truck,  in  talking  on  Mr.  Htmt's  remarks. 

Mr.  Pope  is  laboring  tmder  a  misapprehension;  the  Washing- 
ton code  does  not  require  two  men  in  each  station,  although  it 
is  true  that  a  bill  was  introduced  at  Olympia  last  winter  c^ling 
for  two  men.  The  reason,  so  far  as  I  know,  for  requiring  two 
men  in  each  station  had  no  reference  to  safety;  it  was  simply  to 
make  jobs.     Mr.   Hayward  touched  on  the  question  of  two 
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operators  in  a  station.  We  have  one  station  in  Spokane,  which 
is  our  high-tension  substation  where  our  lines  come  in  from  our 
outside  plants.  At  that  station  we  have  one  operator  on  shift 
only,  and  the  other  operator  is  in  his  house  (they  both  live  in 
cottages  provided  for  them  alongside  the  substation)  so  that 
if  help  is  required  and  the  operator  on  duty  is  able  to  go  for  the 
help  he  can  get  it.  There  is  no  reason  why  he  should  ever 
have  any  trouble  so  far  as  the  electrical  arrangements  are 
concerned,  as  that  station  is  made  about  as  "  fool-proof  "  as  it 
can  be  made.  The  switches  are  all  remote  control,  and  the 
disconnecting  switches  are  handled  with  long  insulated  rods, 
and  the  only  case  where  he  might  require  help  would  be  in  case 
he  should  faint  or  be  taken  sick;  so  far  as  any  question  of  electri- 
cal risk  is  concerned  that  is  practically  eliminated.  Mr.  Hay- 
ward's  remarks  with  reference  to  the  reliability  of  service  over 
one  line  I  think  are  well  taken.  We  supplied  the  Coeur  d'Alene 
country  from  1903-1908,  I  believe  it  was,  on  one  line.  We  went 
in  there  when  all  the  developed  mines  were  nmning  either  on 
water  power  or  on  steam ;  since  the  day  we  started  giving  service 
I  do  not  believe  there  has  been  one  single  piece  of  steam  appar- 
atus going  into  that  district.  The  few  steam  plants  that  they  had, 
if  they  are  not  in  the  junk  pile,  are  ready  to  go;  the  water  power 
of  course  they  use,  because  that  saves  them  a  little  money, 
but  very  little;  so  I  think  we  have  demonstrated  that  you  can 
give  service  over  one  line  that  will  satisfy  a  mining  commtmity. 
I  am  very  glad  indeed  to  know  that  Mr.  Hayward  endorses 
my  views  on  the  three-phase  versus  the  single-phase  trans- 
formers. 

I  am  going  to  dodge  Prof.  Karapetoff 's  suggestion  of  taking 
up  the  question  of  delta  versus  Y,  it  is  too  big;  we  could  argue 
aU  day  and  never  get  any  result.  I  will  say  this,  that  our  prime 
reason  for  adopting  Y  on  the  high-tension  side  is  the  fact  that 
we  reduce  our  strains  on  all  the  apparatus  by  grounding  our 
neutral  at  the  generating  plants.  We  have  a  stress  due  to 
34,700  volts  from  line  to  grotmd.  I  believe  that  that  is  worth  a 
whole  lot,  and  of  course  doing  that  prevents  a  delta-delta  con- 
nection. We  do  not  use  any  resistance  in  our  ground  connection. 
We  started  ten  years  ago  with  grounds  all  through  our  system; 
experience  has  rather  tended  to  indicate  that  is  wrong,  and  we 
are  now  removing  the  groimds  everywhere  except  at  the  power 
plant;  at  the  power  plant  we  expect  to  keep  our  grounds,  and 
we  expect  to  have  them  dead  grounds  without  any  resistance; 
if  a  line  is  in  trouble  the  sooner  we  know  it  the  better,  because 
wo  can  get  out  and  fix  it. 

I  was  very  much  interested  in  Prof.  Karapetoff  *s  statement 
about  the  visit  to  the  manufacturer  who  told  him  how  to  arrange 
his  telephone  lines  to  give  the  indication  in  case  of  fuse  blowing. 
I  wish  I  had  known  that  manufacturer,  because  it  would  have 
saved  us  a  whole  lot  of  worry. 

The  rate  for  power  in  the  Coeur  d'Alene  district  is  S3    per 
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kv-a.  per  month,  based  upon  the  maximum  kilovolt-amperes 
used  in  each  month,  and  in  addition  a  charge  of  one-half  cent 
per  kilowatt  hour  for  the  kilowatt-hours  used  in  each  month. 
For  a  one-year  contract  there  is  no  discount;  two-year  contract 
10  per  cent;  three-year  contract  15  per  cent;  five-year  contract 
25  per  cent;  the  Bunker  Hill  &  Sullivan  Concentrating  Company 
is  working  on  a  five-year  contract,  so  from  that  the  rate  can 
be  figured. 

J.  A.  Lighthipe:  What  is  the  length  of  time  required  to  install 
an  oil  transformer,  to  replace  the  bumed-out  one;  that  is,  to  dry 
out  and  fill  with  oil?  You  spoke  of  the  kv-a.  capacity.  What 
capacity  charge  is  taken  for  them  on  the  kv-a.  or  the  kilowatt 
capacity? 

J.  B.  Fisken:  We  take  the  assumed  voltage  of  2300  and 
measure  the  amperes.  As  to  the  time  required  to  change  the 
transformer  in  the  case  of  a  bum-out,  it  is  a  little  hard  to  answer 
because  it  depends  altogether  on  where  the  bum-out  is.  In  our 
more  improved  substations  we  have  spare  transformers.  Now, 
in  the  Coeur  d'Alene  country  we  can  get  one  into  service  in 
about  three  hours. 
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TUNGSTEN  LAMPS  OF  HIGH  EFFICIENCY— I 

Blackening  of  Tungsten  Lamps  and  Methods  of 

Preventing  It 


BY  IRVING  LANGMUIR 


While  the  transformation  of  electrical  energy  into  heat  or 
even  into  mechanical  energy  has  for  many  years  been  accom- 
plished with  efficiencies  well  above  90  per  cent,  the  artificial 
production  of  light  has  been  notoriously  inefficient. 

The  first  carbon  incandescent  lamps  had  a  specific  consumption 
of  five  to  six  watts  per  mean  horizontal  candle,  but  these  were 
gradually  improved  over  a  long  period  of  years  to  about  3.1  watts 
per  candle,  until  finally  by  the  use  of  the  metallized  filament  a  spe- 
cific consumption  of  2.5  watts  per  candle  was  reached  commer- 
cially. Since  the  introduction  of  the  metallized  carbon  filament, 
progress  with  other  types  of  lamps  has  been  comparatively  rapid, 
and  at  the  present  time  the  most  efficient  commercial  incandescent 
lamp,  the  lamp  with  a  tungsten  filament,  has  a  specific  consump- 
tion of  from  one  to  one  and  a  quarter  watts  per  candle  in  the 
ordinary  sizes. 

Notwithstanding  this  decided  improvement,  we  are  still  far 
from  the  theoretical  maximum  of  efficiency  that  would  be 
attained  if  all  the  energy  of  an  electric  circuit  were  converted 
into  visible  light. 

Drysdale  (Proc.  Roy.  Soc.  80,  19  (1908))  has  given  for 
the  specific  consumption  of  a  soiu-ce  of  white  light  of  perfect 
efficiency  the  value  0.10  watt  per  candle,  and  for  a  source  of 
monochromatic  yellow-green  light  the  value  0.06  watt  per  candle. 
Ives  {Astrophysical  Journal  36, 322  (1912)),  however,  gives  values 
very  much  lower  than  this;  namely,  0.012  watt  per  candle  (800 
lumens  per  watt)  for  yellow-green  light. 
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The  luminous  efficiency  of  the  ordinary  tungsten  lamp  lies 
therefore  somewhere  between  1  and  6  per  cent. 

It  is  well  known  that  tungsten  lamps  can  be  nm  at  voltages 
much  higher  than  their  rated  voltage,  and  that  in  this  way  ex- 
tremely high  eflSciendes  may  be  obtained,  but  that  the  life  of 
lamps  run  under  these  conditions  is  so  short  that  the  increased 
cost  of  renewals  more  than  offsets  the  saving  in  electrical  energy. 
It  is  readily  seen  that  the  limit  of  the  commercial  eflSdency  of 
tungsten  lamps  is  therefore  not  determined  by  the  melting-point 
of  the  ttmgsten.  In  fact,  if  the  temperature  of  the  filament  is  raised 
to  the  melting-point,  the  specific  consumption  for  a  period  of  a  few 
seconds  may  be  as  low  as  0.20  watt  per  mean  horizontal  candle. 

The  causes  which  have  made  it  necessary  to  operate  tungsten 
lamps  at  such  relatively  low  eflBciencies  as  that  corresponding 
to  one  watt  per  candle  have  been  little  understood.  It 
seemed,  therefore,  that  an  investigation  of  the  phenomena 
occurring  in  tungsten  lamps,  carried  out  with  a  view  of 
reaching  a  clear  understanding  of  the  causes  of  the  failiu^ 
of  the  lamps,  might  possibly  open  the  way  to  the  discovery 
of  methods  by  which  the  eflBciency  could  be  greatly  improved. 

The  present  paper  is  a  description  of  some  experimental  and 
theoretical  work,  extending  over  a  period  of  many  years,  which 
has  now  resulted  in  the  production  of  a  new  type  of  tungsten 
lamp;  a  lamp  which  will  give  a  life  of  more  than  1000  hotirs,  at  a 
specific  consumption  in  the  neighborhood  of  0.50  watt  per  candle. 

INVESTIGATION    OF    CAUSE    OP    FAILURE    OF    ORDINARY 
TUNGSTEN  LAMPS 

Ordinary  tungsten  lamps  fail,  in  general,  in  one  of  two  ways; 
namely ,  either  by  breakage  of  the  filament,  or  by  blackening  of 
the  bulb.  In  ordinary  practise  the  useful  life  of  the  lamp  is 
considered  to  be  the  time  which  the  lamp  bums  before  its  candle- 
power  has  fallen  to  80  per  cent  of  its  original  value,  or  until  the 
filament  breaks,  in  case  this  occurs  while  the  candle  power  is 
still  above  80  per  cent. 

The  breakage  of  the  filament  was  a  very  serious  factor  in  the 
early  tungsten  lamps,  as  the  filament  material  was  extremely 
brittle.  This  difficulty  has  now  been  overcome  by  the  produc- 
tion of  ductile  tungsten  wire*  and  by  better  methods  of  mounting 
the  wire  in  the  bulbs,  so  that  lamps  can  now  be  made  which  are 

♦CooUdge,  Trans.  A.  I.  E.  E.     Vol.  XXIX.  p.  961,  (1910) 
Fink,  Trans.  Amer.  Electrochemical  Soc.  17.  229,  (1910). 


Digitized  by 


Google 


19131  LANGMUIR:  TUNGSTEN  LAMPS  1916 

so  strong  that  a  blow  is  more  likely  to  break  the  btilb  than  the 
filament. 

The  life  of  ordinary  tungsten  lamps,  except  those  of  low 
wattage  (40  watts  and  less),  is  at  present  practically  de- 
termined by  the  rate  at  which  the  candle  power  decreases. 
The  main  cause  of  this  decrease  is  evident  by  mere  inspection 
of  a  lamp  which  has  run  several  hundred  hours.  It  is  due  simply 
to  the  blackening  of  the  inner  surface  of  the  bulb.  It  is  true  that 
the  candle  power  of  the  filament  itself  changes  somewhat  during 
its  life,  but  this  change,  on  the  whole,  is  an  increase  in  candle 
power,  rather  than  a  decrease.  Careful  measurements  show  that 
during  the  first  few  hotirs  running  there  is  usually  a  slight  in- 
crease in  candle  power  owing  to  some  change  in  the  surface  of 
the  filament  which  causes  greater  emissivity  of  light,  or  to  a 
slight  increase  in  the  conductivity  of  the  filament  which  leads 
to  an  increase  of  the  current  and  therefore  a  higher  filament 
temperature.  On  the  other  hand  there  is  a  tendency  towards 
a  lowering  of  the  candle  power  during  the  latter  part  of  the  life 
owing  to  the  decreasing  diameter  and  consequent  fall  in  temper- 
ature of  the  filament.  Both  these  causes  are  insignificant  in 
their  effect,  as  compared  with  the  blackening  of  the  bulb. 

The  reason  for  the  limited  life  of  the  larger  sizes  of  tungsten 
lamps  when  run  at  a  specific  consumption  of  one  watt  per  candle, 
and  therefore  the  reason  that  higher  efficiencies  could  not  be  ob- 
tained in  practise,  was  evidently  the  blackening  of  the  bulb. 

The  cause  of  this  blackening  was  the  subject  of  much  specu- 
lation. The  prevalent  opinion  seemed  to  be  that  in  a  norm- 
ally operated  lamp  it  was  due  to  disintegration  of  the  filament, 
caused  by  the  presence  of  traces  of  residual  gas,  whereas 
in  lamps  run  at  much  more  than  their  rated  voltage  it  was 
perhaps  caused  by  evaporation.  Others,  however,  considered 
it  due  to  leakage  currents  of  electricity  (Edison  effect)  across 
the  space  between  the  positive  and  negative  end  of  the  filament. 
It  is  well  known  that  discharges  through  gases  at  low  pressures, 
cause  a  marked  disintegration  of  the  cathodes.  Still  others 
were  of  the  opinion  that  the  blackening  of  the  bulb  was  due 
primarily  to  evaporation  of  the  filament. 

In  the  manufacture  of  carbon  incandescent  lamps,  it  had  been 
found  necessary  to  use  a  relatively  high  vacuum,  as  otherwise 
the  lamps  were  found  to  have  a  very  short  life.  That  is,  the 
bulbs  blackened  rapidly  or  discharges  occurred  between  the  two 
ends  of  the  filament,  finally  resulting  in  the  formation  of  an  arc 
which  destroyed  the  lamp.    Various  attempts  had  beeiwnade  ^ 
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to  prevent  the  blackening  by  the  introduction  of  gases  at  various 
pressures  in  the  lamp.  For  example,  Edison  (U.  S.  Patent 
274,295,  March  20,  1883)  proposed  introducing  nitrogen  or  cy- 
anogen at  relatively  high  pressures,  into  lamp  bulbs,  for  the  pur- 
pose of  preventing  the  electric  discharge  between  the  positive 
and  the  negative  end  of  the  filament.  In  this  way  he  hoped  to 
prevent  blackening.  These  attempts,  however,  were  completely 
unsuccessful,  and  it  can  be  readily  shown  in  the  case  of  a  carbon 
lamp,  run  at  say  3  watts  per  candle  and  containing  nitrogen  at 
atmospheric  pressure,  that  the  filament  loses  weight  more  rapidly 
than  when  run  in  a  vacuum  at  the  same  specific  consumption. 
Similar  experiments  with  cyanogen,  or  even  cyanogen  mixed  with 
nitrogen,  always  give  lamps  which,  when  run  at  3i  watts  per 
candle,  give  a  much  shorter  life  than  that  of  similar  lamps  with 
evacuated  bulbs  run  at  the  same  specific  consumption. 

At  a  later  date,  in  order  to  account  for  this  failure  to  obtain 
good  lamps  without  a  vacuum,  the  theory  was  advanced  that  the 
presence  of  a  chemically  inert  gas  in  a  lamp  caused  a  rapid  dis- 
integration of  the  filament  by  a  mechanical  "  washing,*'  the  idea 
presumably  being  that  the  rapid  motion  of  the  gas  molecules 
striking  against  the  surface  of  the  filament  caused  a  disintegration 
of  the  filament.  The  general  experience  of  those  engaged  in  the 
manufacture  of  lamps  did  not  bear  out  this  theory  and  it  was  there- 
fore gradually  superseded  by  others  in  which  the  disintegration  of 
the  filament  was  considered  to  be  due  to  chemical  or  electrical 
action  of  residual  gases,  rather  than  to  simple  mechanical 
"washing.'* 

In  the  commercial  production  of  lamps  it  was  found  necessary 
at  first  to  use  mercury  pumps  for  the  exhaustion  of  the  lamps; 
mechanical  pumps  were  not  good  enough.  Later  it  was  found  pos- 
sible to  obtain  a  suflBciently  good  vacuum  with  mechanical  pumps, 
which  by  that  time  had  been  considerably  improved ,  by  introducing 
red  phosphorus  into  the  stems  of  the  lamps  and  by  volatilizing 
this  phosphorus  into  the  lamp  just  before  sealing  off,  and  at  the 
same  time  heating  the  filament  to  a  much  higher  temperature 
than  that  at  which  it  was  to  run  normally.  It  should  be  pointed  out 
that  not  only  was  it  necessary  to  use  some  such  special  method 
of  exhaust,  but  in  order  to  obtain  lamps  of  good  life,  the  bulbs 
themselves  had  to  be  heated  to  a  high  temperature  during  the 
exhaust,  in  order  to  drive  off  any  gases  condensed  on  the  surface 
of  the  glass.  It  is  interesting  to  notice  that  the  lamp  manuf  acttirers 
had  adopted  these  precautions  in  obtaining  a  high  vacuum  long 
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before  the  necessity  for  them  was  realized  by  most  scientific  in- 
vestigators engaged  in  work  with  high  vacuum. 

When  the  lamp  factories  began  the  manufacture  of  timgsten 
lamps,  they  found  that  much  greater  precautions  were  needed 
in  the  exhaustion  of  these  lamps  than  had  been  necessary  for  the 
ordinary  carbon  lamps,  and  many  improvements  in  the  meth- 
ods of  exhaustion  were  adopted. 

Unless  all  this  care  was  taken  to  obtain  the  best  possible 
vacuum,  there  were  striking  evidences  of  the  presence  of  residual 
gas  in  the  lamps  after  they  were  sealed  off.  For  example,  if 
the  normal  voltage  of  the  lamp  was  suddenly  applied,  a  flash  of 
blue  glow  appeared.  Gradually,  after  a  few  flashes,  this  dis- 
charge would  disappear.  This  was  taken  to  indicate  that  the 
vacuum  had  been  **  cleaned  up  "  by  the  discharge.  A  similar 
action  of  an  electric  discharge  is  known  in  Geissler  tubes  and 
X-ray  tubes. 

In  carelessly  exhausted  lamps,  the  blue  glow  would  often 
persist,  gradually  getting  worse,  until  the  lamp  "  arced  across,*' 
destroying  the  filament. 

The  effect  of  a  poor  exhaust  was  thus  to  cause  the  lamps  to 
arc  across  during  the  aging  process,  or  to  cause  them  to  blacken 
prematurely. 

The  general  factory  experience  thus  confirmed  the  opinion 
that  the  blackening  of  the  bulb  was  due  primarily  to  minute 
traces  of  residual  gas,  or  to  electrical  discharges  within  the  lamp. 

Much  evidence  had  also  gradually  accumulated  in  this  labor- 
atory showing  that  even  remarkably  low  pressures  of  gases  often 
produced  very  rapid  blackening  of  the  bulbs.  A  brief  account 
of  the  early  work  along  these  lines  has  been  presented  before 
this  Institute  by  Dr.  W.  R.  Whitney  (Trans.  A.  I.  E.  E.,  Vol. 
XXXI,  p.  921,  1912). 

Various  attempts  to  improve  the  life  of  lamps  by  obtaining 
a  better  vacuum  than  usual,  had  not  been  very  successful. 
This  failtire,  however,  could  not  be  taken  as  proof  that  a  better 
vacuum  would  not  improve  the  life.  In  the  first  place,  it  had 
been  found  that  during  the  running  of  the  lamp  the  vacuum 
gradually  improved  after  sealing  off  ('*  clean-up "  effect), 
the  pressure  finally  reaching  a  value  probably  lower  than 
that  directly  obtainable  by  any  of  the  well  known 
methods  of  exhausting.  Yet  even  where  we  had  pressures 
lower  than  would  be  indicated  by  the  most  sensitive  vacuiun 
gages,  we  often  had  clear  indications  that  the  blackening  of  the 
bulb  was  due  to  imperfect  exhaust.  It  seemed  quite  possible,     ^ 
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therefore,  that  there  might  remain,  in  lamps,  minute  traces  of 
some  gas  or  vapor  which  we  had  not  yet  learned  to  remove  by 
our  usual  methods  of  exhaust.  This  residual  gas  might  easily 
be  the  cause  of  the  gradual  blackening  of  the  bulbs. 

Since  the  pressures  were  too  low  to  measure,  we  had  no  way 
of  knowing  definitely  whether  one  method  of  exhaust  was  better 
than  another,  so  that  any  failure  to  improve  the  life  by  a  new 
method  of  exhaust  might  simply  mean  that  the  vacuum  had  not 
been  improved. 

It  seemed,  therefore,  that  the  question  as  to  whether  a  better 
vacuum  would  give  a  better  lamp  could  only  be  settled  by  a 
direct  investigation  of  the  cause  of  the  blackening. 

Two  lines  of  attack  were  decided  upon: 

1.  Study  of  the  sources  of  gas  within  a  lamp. 

2.  Effects  produced  in  lamps  by  various  gases. 

To  facilitate  this  work,  an  elaborate  piece  of  vacuum  apparatus 
was  built  consisting  of  an  improved  form  of  Topler  (mercury) 
pump,  a  sensitive  McLeod  gage  and  a  vacuum  oven  in  which 
lamps  could  be  heated  and  exhausted  without  being  subjected 
to  atmospheric  pressure  from  without.  Provision  was  made 
for  the  introduction  at  will  of  small  quantities  of  any  gas  to  the 
lamp.  Special  apparatus  was  devised  by  which  gas  analyses 
could  be  made  with  extremely  small  quantities  of  gas  evolved 
within  the  lamp.  For  example,  it  is  possible  with  this  apparatus 
to  make  a  quantitative  chemical  analysis  of  a  single  cubic  milli- 
meter of  gas  and  determine  the  following  constituents:  oxygen, 
nitrogen,  hydrogen,  carbon  dioxide,  carbon  monoxide  and  argon.* 

Sources    of    Gas    within    the    Lamp 
There  are  four  sources  of  gas  within  the    lamp  bulb:  first, 
residual  gas  left  by  evacuation;  second,  gas  given  off  by  the  fila- 
ment; third,  gas  from  the  lead-in  wires  or  the  anchors;  and 
fourth,  the  gas  given  off  by  the  glass. 

1.  Residual  Gas,  The  mechanical  pumps  ordinarily  used  in 
exhausting  lamps  produce  a  vacuum  of  about  0.001  mm.,  ac- 
cording to  the  McLeod  gage.  This  is  probably  about  the  pressure 
of  the  non-condensible  gases  left  in  the  lamp.  Besides  this, 
however,  there  must  be  some  water  vapor  and  oil  vapor,  and  if 
the  filament  has  been  lighted  during  the  exhaust,  as  is  usually  the 
case,  there  will  be  some  carbon  monoxide,  carbon  dioxide,  and 

•For  a  brief  description  of  this  apparatus  and  the  methods  of  analysis 
employed,  see  Journal  American  Chemical  Society,  Vol.  34, 1912,  pp.  1310 
and    1313. 
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hydrogen  produced  by  the  action  of  the  filament  on  the  vapors. 
Probably  most  of  these  gases  are  nearly  completely  removed, 
or  precipitated  on  the  walls  of  the  btilb,  by  the  clean-up  that 
occurs  when  the  phosphorus  is  volatilized  into  the  lamp  and  a 
blue  glow  made  to  occur.  The  final  pressure,  just  after  sealing 
off,  is  usually  in  the  neighborhood  of  0.001  mm.  or  less. 

2.  Gas  from  the  Filament.  The  prevalent  opinion,  as  ex- 
pressed generally  in  scientific  literature,  is  that  metals  when 
heated  to  very  high  temperature  in  vacuum,  evolve  very  large 
quantities  of  gas.  For  example,  in  a  recent  article.  Prof.  J. 
J.  Thomson  {Nature,  91,  p.  335,  1913)  says:  "  Belloc,  who  has 
recently  published  {Ann,  de  Chimie  et  de  Physique  (8)  18,  p. 
569)  some  interesting  experiments  on  this  subject,  after  spending 
about  six  months  in  a  fruitless  attempt  to  get  a  piece  of  iron  in 
a  state  in*  which  it  would  no  longer  give  off  gas  when  heated, 
came  to  the  conclusion  that,  for  practical  purposes,  a  piece  of 
iron  must  be  regarded  as  an  inexhaustible  reservoir  of  gas." 
Thomson's  own  experience  is  quite  similar. 

That  the  effect  of  the  presence  of  gas  in  the  metal  is  considered 
of  importance  in  connection  with  the  disintegration,  is  evident 
from  the  following  quotations  from  J.  J.  Thomson's  book  on 
**  Conduction  of  Electricity  through  Gases  "  (1906  edition). 
On  page  215,  he  says:  **  The  facts  just  mentioned  suggest  that 
the  gas  absorbed  by  the  platinum  and  slowly  given  off  when 
heated  plays  an  important  part  in  the  carriage  of  the  electricity 
from  the  wire." — '*  The  emission  of  absorbed  gas  from  the 
platinum  is,  however,  according  to  BerUner  {Wied.  Ann.  33, 
p.  289,  1888),  closely  connected  with  the  disintegration  of  the 
platinum  wire  which  takes  place  when  the  wire  is  kept  glowing 
and  which  is  made  evident  by  a  deposit  of  platinum  or  platinum 
oxide  on  the  walls  of  the  tube  and  a  diminution  in  the  weight 
of  the  hot  wire:  the  carriers  of  the  electricity  might  thus  be  the 
dust  or  vapor  of  platinum  escaping  from  the  wire."  Then,  on 
page  216:  "  There  is  thus  a  close  similarity  between  the  laws 
of  disintegration  of  the  wire  and  those  of  the  leak  of  positive 
electricity  from  it." 

On  page  550,  in  speaking  of  the  gases  given  out  by  the  cathodes 
of  vacuum  discharge  tubes,  he  says,  in  discussing  some  work 
of  Skinner  {Phys,  Rev,  21,  p.l,  1905):  "The  amount  of  hy- 
drogen that  can  be  got  out  of  a  cathode  in  this  way  is  very  large; 
thus,  from  a  silver  electrode  0.15  cu.  cm.  in  volume.  Skinner 
obtained  about  2  cu.  cm.  of  hydrogen  at  atmospheric  pressure, 
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without  any  indication    that  the  supply  was  in  any  way  ex- 
hausted.*' 

The  first  few  experiments  (see  Jour.  A  met.  Chem.  Soc.  35, 
105,  1912)  on  the  gases  evolved  from  the  filament  of  a  tungsten 
lamp  also  seemed  to  show  the  presence  of  inexhaustible  supplies 
of  gas  within  the  filament.  Later  work  proved,  however,  that 
this  gas  was  not  actually  evolved  from  the  filament,  but  was 
produced  from  the  decomposition  by  the- filament  of  water  vapor 
or  hydrocarbon  vapors  present  at  extremely  low  pressure  in  the 
bulbs.  It  was  finally  found  that  with  small  filaments,  such  as 
are  used  in  lamps,  the  gas  evolved  by  heating  is  not  more  than 
from  three  to  ten  times  the  volume  of  the  filament.  By  thor- 
oughly cleaning  the  surface  of  the  wire  before  heating,  the 
amount  of  gas  is  usually  not  over  half  as  great.  The  surprising 
fact  was  observed  that  at  least  90  per  cent  of  the  gas  was  given 
off  within  a  few  seconds  on  first  heating  the  wire  to  a  temperature 
exceeding  1500  deg.  cent.  At  a  temperature  below  1200  deg., 
however,  the  gas  is  given  off  only  very  slowly,  if  at  all.  The 
gas  consists  of  about  70  to  80  per  cent  carbon  monoxide,  the  re- 
mainder being  mostly  hydrogen  and  carbon  dioxide.  The  total 
amount  of  gas  evolved  from  the  filament  of  a  40-watt  lamp,  if 
liberated  in  the  lamp  after  sealing  off,  would  produce  a  pressure 
of  from  0.006  to  0.02  mm. 

3.  Gas  from  Lead-in  Wires  and  Anchors.  In  many  of  the 
larger  lamps,  where  the  leads  or  anchors  become  very  hot,  there 
are  often  clear  indications  that  the  gas  evolved  from  this  source 
has  a  marked  effect  on  the  life,  partictilarly  on  the  tendency  to 
arc  across  during  aging.  In  the  experimental  lamps  made  with 
small  sizes  of  wire,  the  quantities  of  gas  obtained  from  this 
source  were  found  to  be  too  small  to  measure. 

4.  Gas  from  the  Bulb.  On  heating  bulbs  of  40-watt  lamps  (vol- 
ume about  250.  cu.  cm.)  for  three  hours  to  a.temperature  of  200 
deg. cent., after  having  dried  out  the  bulbs  at  room  temperature  for 
24  hours  by  exposure  in  a  good  vacuum  to  a  tube  immersed  in 
liquid  air,  the  following  average  quantities  of  gas  were  given  off: 

200  cu.  mm.  water  vapor 
5  cu.  mm.  carbon  dioxide 
2  cu.  mm.  nitrogen. 
These  are  the  quantities  of  gas,  liberated  by  th^  heating,  ex- 
pressed in  cubic  millimeters  at  room  temperature  and  atmos- 
pheric pressure. 

By  raising  the  temperature  of  the  bulbs  from  200  deg.  to 
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350  deg.,  an  additional  quantity  of  water  vapor  was  obtained, 
so  that  the  total  now  became 

300  cu.  nun.  water  vapor 
20  cu.  mm.  carbon  dioxide 

4  cu.  mm.  nitrogen. 

A  subsequent  heating  of  the  bulbs  to  500  deg.  cent,   caused 
the  total  amount  of  gas  evolved  to  increase  up  to 
450  cu.  mm.  water  vapor 
30  cu.  mm.  carbon  dioxide 

5  cu.  mm.  nitrogen. 

At  each  temperature  the  gas  stopped  coming  off  the  glass 
after  a  half  hour  of  heating,  only  to  begin  again  whenever  the 
temperature  was  raised  to  a  higher  value  than  that  to  which  the 
bulb  had  been  previously  heated. 

It  therefore  seems  that  even  by  heating  the  bulb  to  500  deg., 
not  all  of  the  water  vapor  can  be  removed,  but  it  does  seem  prob- 
able that  after  this  treatment  the  amount  of  water  vapor  that 
can  come  off  a  bulb  at  ordinary  temperatures  must  be  extremely 
small. 

This  study  of  the  origin  of  the  gases  within  a  lamp  thus  led 
to  the  following  important  conclusion: 

The  amounts  of  residual  gas,  together  with  all  the  gas  that  is 
given  off  by  the  filament  and  its  supports,  are  qtiite  insignificant 
as  compared  with  the  gas  on  the.  inner  surface  of  the  btdb. 
Furthermore,  the  great  difficulty  of  completely  removing  the 
gases  from  the  glass  makes  this  source  particularly  troublesome 
in  incandescent  lamps.  We  see  that  the  gases  likely  to  be  present 
or  given  off  in  an  exhausted  lamp  are,  in  the  probable  order  of 
their  importance:  water  vapor,  carbon  dioxide,  hydrocarbon 
vapors,  hydrogen,  carbon  monoxide,  nitrogen  and,  when  phos- 
phorus is  used,  various  phosphorus  compounds. 

Effects  Produced  in  Lamps  by  Various  Gases 
Small  quantities  (up  to  O.I  mm.  pressure)  of  various  gases 
were  let  into  lamps  sealed  to  the  special  exhausting  system  and 
their  behavior  during  the  operation  of  the  lamps  was  noted. 
The  phenomena  observed  were  extremely  varied  in  character, 
each  gas  producing  very  specific  effects.  In  all  cases  (except 
argon)  a  marked  clean-up  of  gas  occurred  under  proper  condi- 
tions. These  effects  have  been  studied  in  great  detail  and  are 
forming  the  basis  for  a  series  of  publications  from  this  laboratory 
on  chemical  reactions  at  very  low  pressures.  In  the  present 
paper  only  a  very  brief  outline  of  the  results  will  be  given.         t 
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Hydrogen,*  This  gas  cleans  up  (disappears)  in  a  lamp  bulb 
in  four  distinct  ways.  Relatively  large  quantities  (20  to  50 
cubic  mm.)  of  hydrogen  are  driven  on  to  the  bulb  when  the  fila- 
ment is  at  relatively  low  temperature  (1500  deg.  or  more). 
This  hydrogen  is  partictilarly  active  chemically  (atomic  hydro- 
gen) and  will  react  even  at  room  temperatiu^  with  many  re- 
ducible substances.  Moderate  heating  of  the  bulb  will  cause 
a  large  part  of  it  to  escape  from  the  glass  again.  Since  water 
vapor  in  the  bulb  is  decomposed  by  the  filament  to  form  hydrogen 
and  an  oxide  of  tungsten,  there  is  nearly  always  a  considerable 
amount  of  active  hydrogen  stored  up  on  the  bulb  after  the  lamp 
has  been  running  some  time. 

The  amount  of  heat  carried  away  from  a  filament  by  hydrogen 
at  low  pressures,  say  0.001  mm.,  although  many  times  greater 
than  with  any  other  gas,  was  found  to  be  entirely  negligible 
compared  with  the  heat  radiated  from  the  filament.  The  cooling 
effect  of  such  pressures  of  gas,  therefore,  has  no  appreciable 
effect  on  the  life  of  lamps. 

Dry  hydrogen  in  lamps  was  never  found  to  have  the  slightest 
tendency  to  produce  blackening  of  the  bulbs.  That  is,  the  bulbs 
never  blackened  more  rapidly  than  if  the  filament  were  run  at 
the  same  temperature  in  a  vacuum.  Subsequent  experiments 
have  proved  that  this  is  true  from  low  pressures  up  to  atmos- 
pheric pressure. 

Oxygen.^  At  all  temperature  above  1000  deg.  this  gas  reacts 
with  tungsten  to  form  the  yellow  oxide  WOi,  no  matter  how  low 
the  pressure  of  the  oxygen  may  be.  The  oxide  distills  oflf  the 
filament  and  deposits  on  the  bulb,  but  owing  to  its  light  color 
the  deposit  is  invisible  when  the  amount  of  oxygen  is  less  than 
100  to  200  cu.  mm.  Oxygen  therefore  never  produces  blackening 
of  the  bulb. 

Nitrogen.^  There  are  three  ways  in  which  this  gas  cleans  up 
in  ^  lamp,  each  being  an  exceptionally  interesting  phenomenon 
in  itself.  With  voltages  above  40  volts  and  pressures  above 
0.001  mm.  the  nitrogen  cleans  up,  provided  the  filament  temper- 
ature exceeds  2000  deg.,  and  causes  an  attack  on  the  negative  end 
of  the  filament,  producing  a  brown  deposit  of  tungsten  nitride, 
WNj,  on  the  bulb.  Except  where  the  amount  of  nitrogen  that 
cleans  up  is  much  larger  than  could  possibly  be  present  in  an 
ordinary  lamp,  this  gas  never  causes  any  discoloration  of  the  bulb. 

•See  Langmuir.  Jour.  Amer.  Chem.  Soc.  34,  1310,  (1912). 

tLangmuir,  Jour.  Amer.  Chem.  Soc.  35,  105  (1913) 

iLangmuir,  Jour.  Amer.  Chem.  Soc,  35,  931,  (1913).      ^^  t 
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Carbon  Monoxide.  This  gas  behaves  almost  exactly  like 
nitrogen.  At  low  pressures  it  never  produces  perceptible  black- 
ening of  the  bulb,  although  at  higher  pressures  it  may  slowly 
give  a  slight  deposit  of  carbon  under  certain  conditions.  The 
results,  however,  clearly  indicated  that  traces  of  carbon  monoxide 
such  as  might  exist  in  lamps,  could  not  be  responsible  for  the 
blackening. 

Carbon  Dioxide.  This  gas  attacks  the  filament  and  produces 
carbon  monoxide  and  an  oxide  of  tungsten,  without  producing 
any  perceptible  blackening. 

Water  Vapor.  Even  very  low  pressures  of  water  vapor  react 
with  the  tungsten  filament  in  a  lamp  to  produce  hydrogen,  and 
cause  rapid  blackening  of  the  bulb.  Thus  a  lamp  made  up  with 
a  side  tube  containing  a  little  water  which  is  kept  cooled  by  a 
freezing  mixtiS^e  of  solid  carbon  dioxide  and  acetone  (—78  deg. 
cent.)  will  blacken  very  rapidly  when  running  at  normal  eflS- 
dency,  although  the  vapor  pressure  of  water  at  this  temperature 
is  only  about  0.0004  mm. 

The  fact  that  lamps  exhausted  at  low  temperature  (say  100 
to  200  deg.)  blacken  so  rapidly  during  life,  together  with  the  fact 
that  water  vapor  is  the  principal  gas  removed  from  the  bulb 
by  heating,  indicate  that  the  water  vapor  is  responsible  for  the 
short  life  under  these  conditions. 

It  is  rather  surprising  that  water  vapor  should  have  such  a 
marked  effect  when  either  of  its  constituents,  hydrogen  or  oxygen, 
acting  alone,  produces  no  blackening. 

The  explanation  of  the  behavior  of  the  water  vapor  seems  to 
be  as  follows: 

The  water  vapor  coming  into  contact  with  the  filament  is 
decomposed,  the  oxygen  combining  with  the  tungsten  and  the 
hydrogen  being  evolved.  The  oxide  distills  to  the  bulb,  where  it 
is  subsequently  reduced  to  metallic  tungsten  by  atomic  hydrogen 
given  off  by  the  filament,  water  vapor  being  simultaneously 
produced.  The  action  can  thus  repeat  itself  indefinitely  with 
a  limited  quantity  of  water  vapor. 

Several  experiments  indicated  that  the  amount  of  tungsten 
that  was  carried  from  the  filament  to  the  bulb  was  often  many 
times  greater  than  the  chemical  equivalent  of  the  hydrogen 
produced,  so  the  deposit  on  the  bulb  could  not  well  be  formed 
by  the  simple  attack  on  the  filament  by  water  vapor. 

Another  experiment  demonstrated  that  even  the  yellow  oxide, 
WOt,  could  be  reduced  at  room  temperature  by  atomic  hydrogen. 
A  filament  was  heated  in  a  well-exhausted  bulb  containing  a  low^lc 
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pressure  of  oxygen;  this  gave  an  invisible  deposit  of  the  yellow 
oxide  on  the  bulb.  The  remaining  oxygen  was  pumped  out  and 
dry  hydrogen  was  admitted.  The  filament  was  now  lighted 
to  a  temperature  (2000  deg.  K)*  so  low  that  it  could  not  possibly 
produce  blackening  under  ordinary  conditions.  In  a  short  time 
the  bulb  became  distinctly  dark,  thus  indicating  a  reduction  of 
the  oxide  by  the  active  hydrogen.  Further  treatment  in  hy- 
drogen failed  to  produce  any  further  darkening,  showing  that 
the  oxide  could  only  be  reduced  superficially. 

Methane,  This  gas  was  decomposed,  producing  hydrogen, 
while  the  carbon  was  taken  up  by  the  filament,  as  was  in- 
dicated by  the  resulting  change  in  the  electrical  resistance.  At 
very  high  temperatures  the  carbon  distilled  out  of  the  filament 
again.  No  visible  blackening  of  the  bulb  occurred  in  the  ex- 
periments with  methane. 

Argon.  The  behavior  of  argon  was  very  interesting.  Except 
with  high  voltages  on  the  filament  and  very  low  pressures  of  argon, 
no  clean-up  of  this  gas  could  be  observed,  even  on  heating  the 
filament  up  to  its  melting-point.  The  slight  clean-up  which  was 
observed  at  high  voltages  was  limited  in  amount.  All  of  the 
gas  which  did  disappear  could  be  recovered  by  heating  the  bulb. 

The  presence  of  argon  at  pressures  above  0.005  mm.  and  below 
1.  mm.  causes  a  very  large  Edison  effect  and  a  very  rapid  blacken- 
ing of  the  bulb  and  attack  on  the  negative  end  of  the  filament. 
The  deposit  occurs  mostly  behind  the  anode,  showing  that  the 
tungsten  atoms  in  this  case  are  negatively  charged. 

Although  these  pressures  of  argon  may  cause  serious 
blackening  of  bulbs,  yet  the  experiments  indicated  that  this 
is  not  ordinarily  the  cause  of  blackening  in  well-exhausted 
lamps.  The  amount  of  blackening  seemed  to  depend  primarily 
on  the  Edison  effect  caused  by  the  argon,  rather  than  the  presence 
of  the  gas  itself.  As  the  pressure  was  decreased,  the  Edison 
effect  decreased  even  more  rapidly,  and  apparently  disappeared 
entirely,  long  before  a  degree  of  vacuum  was  reached  which  could 
readily  be  obtained  with  the  pump.  It  seems  extremely  im- 
probable that  the  amounts  of  argon  which  might  exist  in  an  ordin- 
ary lamp  could  perceptibly  affect  the  Edison  current  or  the  rate 
of  blackening. 

Higher  pressures  of  argon,  close  to  atmospheric  pressure,  do 
not  cause  either  Edison  effect  or  blackening. 

•The  letter  K  is  used  to  denote  temperatures  on  the  Kelvin  scale, 
(absolute  temperatures) . 
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Effects  of  Other  Gases,  Many  other  gases  and  vapors,  such  as 
chlorine,  bromine,  iodine,  sulfur,  phosphorus,  phosphine,  hydro- 
chloric acid,  etc.,  were  tried,  but  in  no  case  did  these  gases 
produce  blackening  of  the  bulbs.  If  great  care  is  not  taken  in 
these  experiments  to  have  the  gases  extremely  dry,  very  marked 
blackening  will  result. 

Contrary  to  earlier  experiments,  it  was  found  that  mercury 
vapor  in  a  lamp  did  not  cause  blackening  if  the  voltage  was  low 
enough  so  that  no  serious  Edison  effect  occurred. 

Attempts    to    Eliminate    Water    Vapor 

This  study  of  the  effects  produced  by  various  gases  led  to  the 
conclusion  that  if  the  blackening  of  bulbs  of  ordinary  lamps 
was  caused  by  imperfect  vacuum,  then  it  must  be  due  to  water 
vapor  and  the  further  removal  of  water  vapor  would  markedly 
increase  the  life  of  the  lamps.  The  problem  of  improving  the 
eflSciency  of  lamps  thus  assumed  more  definite  form. 

Experiments  were  next  undertaken  to  detect  the  presence  of 
water  vapor  in  lamps  after  they  had  been  exhausted  at  high 
temperature.  It  was  found  on  lighting  the  filaments  of  lamps 
which  had  been  exhausted  at  200  deg.  and  then  cooled  to 
room  temperature,  that  there  was  a  steady  but  slow  apparent 
evolution  of  hydrogen  from  the  filament.  However,  in  some  lamps 
exhausted  at  350  deg.,  there  was  barely  a  trace  of  gas  evolved 
under  similar  conditions.  This  evolution  of  gas  served  as  a 
measure  of  the  rate  at  which  water  vapor  diffused  off  the  surface 
of  the  glass.  It  proved  unreliable  as  an  accurate  measure  of 
the  water  vapor,  because  of  the  clean-up  of  the  resulting  hy- 
drogen. 

Lamps  were  next  exhausted  in  the  special  vacuum  oven,  so 
that  the  temperature  of  the  bulb  could  be  raised  during  exhaust 
to  a  temperature  about  100  deg.  higher  than  that  otherwise  at- 
tainable. A  good  mercury  pump  was  used  and  care  was  taken 
to  remove  the  last  traces  of  mercury  vapor,  water  vapor  and 
carbon  dioxide,  by  placing  between  the  lamp  and  the  pimip  a 
trap  immersed  in  liquid  air.  The  lamps  were  exhausted  from 
one  to  three  hours  under  these  conditions.  The  filaments  were 
heated  to  high  incandescence  to  drive  off  gas.  The  lamps  were 
sealed  off  when  the  pressure  by  the  McLeod  gage  read  about 
0.00005  mm.  These  lamps  were  put  on  life  test  and  compared 
with  other  lamps  made  under  factory  conditions. 

The  unexpected  result  of  this  work  was  that  the  life  of  the 
lamps  exhausted  with  all  these  precautions  was  not  materially  t 
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better  than  the  best  of  the  lamps  made  regiilarly  in  the  factory. 
The  life  of  the  lamps  could  certainly  not  be  improved  on  the  av- 
erage by  more  than  20  per  cent  by  such  methods. 

In  order  to  make  sure  that  traces  of  water  vapor  were  not 
evolved  from  the  bulb,  under  the  influence  of  perhaps  radiation 
from  the  filament,  or  some  other  such  cause,  some  lamps  ex- 
hausted like  those  described  above  were  run  at  an  efficiency  of 
about  0.7  watt  per  candle,  with  the  bulbs  completely  immersed 
in  liquid  air  during  their  entire  life.  Some  similar  lamps, 
exhausted  in  the  same  way,  were  run  for  comparison  with  their 
bulbs  at  room  temperature.  A  third  set  was  run  with  the 
bulbs  heated  continuously  in  an  oven  to  about  150  deg.  cent. 
The  life  of  all  three  sets  of  lamps  was  practically  identical. 
Previous  tests  had  shown  that  lamps  exhausted  in  the  ordinary  way , 
when  kept  at  150  deg.  during  life,  gave  a  verymuch  shorter  life  than 
lamps  run  at  the  ordinary  temperature.  These  special  methods  of 
exhaust  therefore  did  not  improve  the  life  of  the  lamp  above 
that  of  an  ordinary  lamp  run  under  normal  conditions,  but 
they  did  make  it  possible  for  a  lamp  to  run  with  the  bulb  at  a 
high  temperature  without  serious  impairment  of  its  life.  This 
seemed  to  demonstrate  that  even  the  complete  removal  of  water 
vapor  from  the  lamp  bulb  would  not  lead  to  a  very  radical 
improvement  in  the  life  of  the  lamp,  although  the  presence  of 
minute  traces  of  water  vapor  certainly  did  cause  a  marked  de- 
crease in  the  life. 

The  conclusion  to  be  drawn  from  all  of  the  foregoing  work  is 
that  the  blackening  of  the  bulbs  of  ordinary  well  made  and  well 
exhausted  lamps  is  not  caused  by  imperfect  vacuum. 

Among  all  the  causes  of  the  blackening  that  have  been  sug- 
gested, the  only  one  that  remains  is  evaporation  of  the  filament. 

Evaporation  op  Tungsten 

To  test  out  whether  or  not  this  was  the  correct  explanation, 
many  experiments  were  undertaken  to  determine  the  rate  of  loss 
of  weight  of  tungsten  fiilaments  when  run  at  various  temperatures 
in  lamps.  It  was  found  that  in  lamps  with  filaments  run  at  the 
same  temperature  the  loss  in  weight  was  proportional  to  the 
surface  of  the  filament  and  independent  of  the  size  of  the  bulb. 
The  temperature  coefficient  of  the  rate  of  loss  of  weight  was 
extremely  high,  as  would  be  expected  if  it  were  proportional  to 
the  vapor  pressure  of  the  metal. 

Furthermore,  the  actual  meastu^ments  at  various  temperatures 
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agreed  remarkably  well  with  the  rational  formula  for  vapor 
pressure  -o 

logP  ^A  -  f-  -  Clog  T 

From  some  simple  considerations  of  the  kinetic  theory  of 
gases,  it  has  been  possible  to  calculate  from  these  data  the 
actual  vapor  pressure  of  ttmgsten  at  various  temperatures. 
These  results  have  been  published  in  the  Physical  Review  (Vol.  2, 
p.  329,  1913).  It  is  of  interest  to  give  here  simply  the  results 
at  a  few  temperatures: 


jecific  consumption 

Temperature 

Vapor  pressure 

watts  per  candle 

(absolute) 

mm. 

1.0 

2400  deg.  K.. 

0.000,000,05 

0.4 

2800 

0.000,03 

0.2  (melting-point) 

3540 

0.080 

(boiling-point) 

5200 

760. 

Experiments  with  lamps  exhausted  at  a  low  temperature  have 
shown  that  the  temperature  coefficient  of  the  rate  of  blackening 
is  much  lower  than  in  well  exhausted  lamps.  Thus,  lamps  ex- 
hausted at  100  deg.  and  run  at  say  5  watts  per  candle,  often 
blacken  nearly  as  quickly  as  similar  lamps  run  at  2  watts  per 
candle,  although  the  rate  of  evaporation  in  a  good  vacuum  would 
be  very  different.  This  serves  to  show  clearly  the  radical 
difference  between  the  two  kinds  of  blackening. 

METHODS  OF  PREVENTING  THE  BLACKENING  OF  BULBS 
Having  now  shown  that  the  blackening  of  ordinary  tungsten 
lamps  is  caused  by  evaporation  of  the  filament,  the  problem  of 
increasing  the  efficiency  of  the  lamps  becomes  a  very  definite  one. 
IfUroduction  of  Gases  at  High  Pressure.  Although  in  the  past 
it  has  usually  been  found  that  the  presence  of  a  high  pressure 
of  gas  causes  an  increase  in  the  rate  of  disintegration  of  a  heated 
metal,*  yet  if  we  know,  as  we  now  do  in  the  case  of  ttmgsten, 

•For  example,  see  a  recent  paper  by  J.  H.  T.  Roberts,  on  '*  The  Disin- 
tegration of  Metals  at  High  Temperatures,"  Phil.  Mag,  (6),  25,  pp.  260 
tl913).  He  gives  evidence  that  the  disintegration  of  platinum  and  iri- 
dium is  due  to  the  formation  of  a  volatile  endothermic  oxide  and  not  to 
evaporation.  In  a  future  paper  the  present  writer  will  show  that  at 
least  in  the  case  of  very  highly  heated  platinum  in  oxygen  at  pressures  as 
low  as  0.1  mm.,  the  rate  of  loss  of  weight  is  due  entirely  to  evaporation 
and  is  independent  of  the  pressure  of  oxygen,  although  all  of  the  platinum 
which  evaporates  from  the  wire  combines  with  the  oxygen  to  form  the 
oxide  PtO,.  Digitized  by  GoOgk 
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that  the  phenomenon  is  simply  one  of  evaporation,  then  we  have 
every  reason  to  believe  that  the  presence  of  a  chemically  inert 
gas  will  reduce  this  evaporation.  We  have 'seen  that  low  pres- 
sures of  gfases  (except  water  vapor  and  argon)  do  not  produce  any 
perceptible  blackening  of  the  bulb,  and  therefore  produce  no 
disintegration  in  the  ordinary  sense.  Most  gases  react  chem- 
ically with  tungsten  at  high  temperature,  but  hydrogen,  nitrogen, 
argon,  and  mercury  vapor  seem  to  be  chemically  inert  towards  it. 

In  the  manufacture  of  tungsten  filaments  it  was  for  a  long 
time  the  practise  to  sinter  the  filament  thoroughly  by  heating 
it  to  a  high  temperature  in  hydrogen  or  in  a  mixture  of  nitrogen 
and  hydrogen.  If  care  were  taken  to  avoid  air  or  moistiu'e  in 
the  "  forming  gas  "  the  filaments  would  stand  heating  for  a 
long  time  in  these  gases,  which  indicated  that  they  were  at 
least  relatively  chemically  inert. 

Whether  the  loss  in  weight  at  a  given  temperature  was  actually 
greater  or  less  than  in  vacuum  could  not  be  determined  from 
these  rough  observations.  To  test  this  out,  a  lamp  was  made 
and  filled  with  carefully  dried  and  purified  hydrogen  at  atmos- 
pheric pressure.  The  filament  was  run  at  the  same  temperature 
as  that  of  lamps  running  at  one  watt  per  candle.  The  heat 
lost  from  the  filament  by  convection  was  so  serious  that  actually 
17  watts  per  candle  were  required  to  maintain  the  filament  at 
this  temperature.  This  lamp,  however,  ran  for  more  than  360 
hours  without  showing  any  blackening  of  the  bulb,  or  any  greater 
loss  of  material  from  the  filament  than  would  have  been  the  case 
in  vacuum  at  the  same  temperature.  This  result  was  very 
striking,  as  the  bulb  was  running  so  hot  that  the  life  of  a  filament 
in  vacuxun,  in  a  bulb  at  the  same  temperature,  would  have  been 
very  short  indeed.  Subsequent  experiments  fully  confirmed  the 
first  one,  and  showed  that  even  in  the  presence  of  hydrogen  at 
atmospheric  pressure,  the  loss  of  weight  of  tungsten  was  much 
less  than  in  vacuum.  The  loss  of  heat,  however,  was  so  great 
that  it  would  be  entirely  impracticable  to  make  a  lamp  with 
the  tungsten  filament  in  hydrogen  at  high  pressure. 

Subsequent  experiments  showed,  however,  that  the  heat 
conductivity  of  hydrogen  at  very  high  temperature  was  ab- 
normally great — much  greater  than  would  be  expected  from  the 
ratio  of  its  heat  conductivity  to  that  of  other  gases  at  room  tem- 
perature. This  is  due  to  the  fact  that  at  high  temperatures 
hydrogen  becomes  dissociated  into  atoms.* 

^Langmuir,  Journ,  Amer.  Ckem,  Soc,  34,  860,  (1912). 
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Experiments  were  next  tried  with  tungsten  filaments  in  mer- 
cury vapor.  It  was  foimd  here  that  the  heat  loss  by  convection  is 
extremely  small — ^in  fact,  so  small  that  a  filament  cotild  be  run 
for  a  period  of  a  minute  or  so,  at  least,  at  a  specific  consumption 
of  0.23  watt  per  candle.  Even  the  first  experiments  showed 
that  the  presence  of  the  mercury  vapor  very  greatly  decreased 
the  rate  of  evaporation. 

Experiments  were  then  tried  in  nitrogen  at  atmospheric  pres- 
sure. Nitrogen  was  found  to  be  entirely  inert  towards  the  tungs- 
ten, and  to  conduct  so  little  heat  that  with  a  fairly  large  diameter 
filament  the  specific  consumption  was  as  low  as  0.24  watt  per 
candle,  at  a  temperature  close  to  the  melting  point  of  tungsten. 
The  rate  of  evaporation  was  found  to  be  much  less  thanin  vacuimi. 

For  tungsten  filaments  in  these  three  gases,  hydrogen,  nitro- 
gen and  mercury  vapor,  the  "  washing  "  theory  certainly  did 
not  apply.  On  the  contrary,  instead  of  increasing,  they  actually 
very  materially  reduced  the  rate  of  evaporation. 

The  next  point  to  be  determined  was  whether  the  decrease 
in  evaporation  was  sufficient  to  offset  the  heat  lost  by  convection. 
Because  of  the  presence  of  the  gas,  the  temperature  of  the  fila- 
ment was  run  considerably  higher  than  in  vacuum,  in  order  to 
obtain  the  same  efficiency.  Whether  or  not  the  rate  of  evapora- 
tion in  gas  at  this  higher  temperature  would  be  less  than  the  rate 
of  evaporation  in  vacuum  at  the  same  efficiency,  is  a  point  to  be 
determined  only  by  experiment. 

A  careful  study  was  therefore  undertaken  of  the  laws  of  heat 
convection  from  filaments  at  high  temperature  in  various  gases, 
since  the  knowledge  on  this  subject  was  extremely  meager. 
Experiments  were  made  with  platinum  wires  in  air,  with  platinum 
wires  in  carbon  dioxide  and  in  hydrogen,  and  with  timgsten 
wires  in  hydrogen,  nitrogen,  mercury  vapor  and  argon. 

It  was  shown*  that  the  heat  loss  varies  with  the  temperature, 
according  to  a  simple  function  of  the  heat  conductivity  of  the 
gas;  and  that  it  varies  with  the  diameter  of  the  wire  according 
to  a  rather  complicated  equation,  which,  however,  accurately 
expresses  the  relation  between  diameter  and  heat  loss.  This 
work  indicated  that  the  heat  lost  by  convection  increases  at  high 
temperatures  rather  slowly  with  increase  in  temperature  in  the 
case  of  nitrogen  and  mercury  vapors,  but  very  rapidly  in  the 
case  of  hydrogen.     Further,  it  was  shown  that  the  heat  loss  from 

•Langmuir,  Trans.  A.  I.  E.  E.  XXXI.  p.  1011.  (1912) 
Lanfrmuir.  Phys,  Review,  34,  401,  (1912) 
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very  small  wires,  say  0.001  in.  in  diameter,  is  not  very  greatly  differ- 
ent than  that  from  wires  several  times  this  diameter.  In  other 
words,  it  was  found  that  it  is  much  more  nearly  correct  to  say 
that  the  heat  loss  by  convection  from  small  wires  is  independent 
of  the  diameter,  than  to  say  that  it  varies  proportionally  with 
the  diameter. 

According  to  the  formulas  developed  in  the  course  of  this 
work,  the  heat  loss  from  wires  of  any  size  in  any  of  the  ordinary 
gases  at  any  temperature  could  be  calctilated.*    In  this  way, 

Specific  Consumption  (in  Watts  pbr  Candle)  of  Tungsten  Filaments  in  Nitrogen 
AT  Atmospheric  Pressure,  as  Compared  to  that  in  Vacuum 


Diameter  in 

inches 

Absolute 
temp. 

In 
vacuum 

0.001 

0.002 

0.005 

0.010 

0.020 

0.050 

0.100 

2400" 

1.00 

4.80 

3.13 

2.02 

1.59 

1.35 

1.18 

1.11 

2600 

0.63 

2.53 

1.71 

1.14 

0.93 

0.81 

0.72 

0.69 

2800 

0.45 

1.54 

1.07 

0.74 

0.62 

0.63 

0.50 

0.49 

3000 

0.33 

1.00 

0.71 

0.50 

0.43 

0.39 

0.36 

0.35 

3200 

0.26 

0.70 

0.51 

0.37 

0.33 

0.30 

0.28 

0.27 

3400 

0.21 

0.52 

0.39 

0.30 

0.26 

0.24 

0.23 

0.22 

3540 

0.20 

0.45 

0.34 

0.27 

0.24 

0.22 

0.21 

0.21 

Specific  Consumption  (in  Watts  per  Candle)  of  Tungsten  Filaments  in  Mercury 
Vapor  at  Atmospheric  Pressure,  Compared  to  that  in  Vacuum 


Diameter  in  inches 

Absolute 
temp. 

In 
vacuum 

0.001 

0.002 

0.005 

0.010 

0.020 

0.050 

0.100 

2400 

1.00 

2.30 

1.77 

1.38 

1.24 

1.16 

1.10 

1.07 

2600 

0.63 

1.30 

1.03 

0.84 

0.78 

0.72 

0.67 

0.67 

2800 

0.45 

0.84 

0.68 

0.57 

0.53 

0.50 

0.48 

0.47 

3000 

0.33 

0.57 

0.47 

0.40 

0.36 

0.36 

0.35 

0.34 

3200 

0.26 

0.41 

0.35 

0.30 

0.28 

0.28 

0.27 

0.21 

3400 

0.21 

0.32 

0.28 

0.25 

0.23 

0.23 

0.22 

0.22 

3540 

0.20 

0.29 

0.25 

0.23 

0.22 

0.21 

0.21 

0.20 

the  accompanying  table  was  prepared,  which  gives  the  calculated 
relation  between  the  watts  per  candle  and  the  temperature 
for  filaments  of  various  diameters  of  tungsten  in  nitrogen,  and 
in  mercury  vapor. 

It  is  readily  seen  from  these  tables  that  the  loss  of  efficiency 

•It  makes  relatively  little  difference  whether  the  wires  are  placed  ver- 
tically or  horizontally.  The  heat  lost  by  convection  is  usually  5  to  10 
per  cent  less  when  the  wire  is  vertical  than  when  it  is  horizontal. 
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(at  constant  temperature)  due  to  the  introduction  of  a  gas  at 
high  pressure  is  very  much  greater  for  filaments  of  small  size, 
than  for  the  larger  ones,  so  that  with  wires  of  the  sizes  ordinarily 
used  in  lamps  the  temperature  would  have  to  be  raised  excessively 
in  order  to  obtain  a  specific  consumption  of  even  one  watt  per 
candle.  Thus  in  nitrogen  a  filament  of  0.001  inch  diameter  (the 
size  ordinarily  used  in  a  20-watt,  1 10- volt  lamp)  would  have  to  run 
at  3000  deg.  to  give  one  watt  per  candle.  At  this  temperature 
of  fiilament,  the  life  of  the  ordinary  lamp  would  be  about  20  min- 
utes, or  about  one  fifteen-hundredth  as  long  as  that  when  running 
normally  at  one  watt  per  candle  in  vacuum. 

With  filaments  of  larger  diameter  (0.005  inch  and  more), 
the  loss  of  heat  by  convection  is  not  nearly  so  serious,  so  that, 
if  the  rate  of  evaporation  of  the  metal  is  very  largely  reduced  by 
the  presence  of  the  gas,  it  should  be  possible  to  raise  the  eflSciency 
considerably  without  shortening  the  life. 

The  advantages  of  a  large  diameter  filament  can  be  practically 
obtained  by  coiling  a  smaller  wire  into  a  tightly  wotmd  helix 
or  otherwise  concentrating  it  into  a  small  space. 

The  further  development  of  this  type  of  lamp  will  be  described 
in  the  second  part  of  this  paper. 

Changing  Location  of  theDeposit.  In  lamps  with  a  very  high  vac- 
utxm,  the  atoms  of  tungsten  as  they  are  given  off  from  the  filament 
by  evaporation,  travel  in  straight  lines  until  they  strike  the  bulb. 
As  they  are  electrically  uncharged  (this  has  been  demonstrated 
by  experiment),  the  field  produced  by  the  filaments  has  no  in- 
fluence on  the  location  of  the  deposit.  Since  the  light  from  the 
filament  also  travels  in  straight  lines,  according  to  similar  laws, 
it  follows  that  in  a  high  vacuum  the  deposit  always  collects 
most  on  those  portions  of  the  bulb  where  the  greatest  intensity 
of  light  passes  through  the  glass. 

In  an  imperfect  vacuum,  especially  in  the  presence  of  argon,  < 

the  tungsten  atoms  tend  to  become  negatively  charged  and  thus 
often  deposit  on  the  bulb  very  irregularly. 

With  pressures  of  nitrogen  less  than  50  mm.,  the  brown 
deposit  of  nitride  is  distributed  over  the  bulb  in  much  the  same 
way  as  the  tungsten  deposit  in  ordinary  lamps.  At  higher 
pressures  than  this  the  effects  of  convection  currents  become 
apparent,  and  an  increasingly  large  part  of  the  evaporated  mate- 
rial is  carried  to  the  upper  part  of  the  bulb.  At  atmospheric 
pressure  this  effect  is  very  striking,  the  bulb  on  a  level  with  the 
filament  usually  remaining  perfectly  clear,  while  a  dark  deposit 
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gradually  forms  on  the  portion  of  the  bulb  (or  supports)  directly 
above  the  filament. 

This  fact  is  of  great  importance  in  connection  with  lamps 
containing  high  pressures  of  gas.  Not  only  does  the  gas  decrease 
the  rate  of  evaporation,  but  it  may  be  made,  by  proper  design, 
to  prevent  entirely  the  blackening  of  those  parts  of  the  bttlb 
that  transmit  the  light. 

Summary 

1.  The  efficiency  at  which  the  larger  sizes  of  timgsten  lamps 
may  be  profitably  run,  is  limited  principally  by  the  blackening 
of  .the  bulb. 

2.  It  has  usually  been  considered  that  the  blackening  of 
ordinary  lamps  was  due  very  largely,  if  not  entirely,  to  the  pres- 
ence of  residual  gases.  The  evidence  which  has  led  to  this 
belief  is  discussed. 

3.  The  sources  of  gases  within  the  lamp  are  studied,  and  the 
principal  gases  are  found  to  be  water  vapor,  carbon  dioxide, 
carbon  monoxide,  hydrogen,  nitrogen,  and  vapors  of  hydro- 
carbons. 

4.  The  specific  effects  produced  by  these  and  other  gases  are 
determined.  It  is  found  that  water  vapor,  which  has  long  been 
known  to  be  harmful,  is  the  only  one  that  produces  perceptible 
blackening  of  the  bulbs. 

5.  The  blackening  by  water  vapor  is  due  to  a  cyclic  process 
in  which  the  water  oxidizes  the  tungsten  and  is  itself  reduced 
to  atomic  hydrogen.  The  tungsten  oxide  volatilizes  and  de- 
posits on  the  bulb,  where  it  is  reduced  by  the  atomic  hydrogen 
to  metallic  tungsten  and  water  vapor  is  again  formed. 

6.  Attempts  to  materially  improve  the  life  of  lamps  by  the 
more  complete  removal  of  water  vapor  result  in  failure.  It  is 
therefore  concluded  that,  although  water  vapor  is  usually  the 
cause  of  the  short  life  of  poorly  exhausted  lamps,  yet  it  is  not 
the  cause  of  blackening  in  well  exhausted  lamps. 

7.  The  real  cause  of  blackening  in  well  made  lamps  is  proved 
to  be  evaporation  of  the  filament,  due  to  its  temperature  alone. 

8.  It  therefore  follows  that  to  improve  the  efficiency  of  timgs- 
ten  lamps,  either  the  rate  of  evaporation  of  the  filament  must 
be  reduced  or  the  evaporated  tungsten  must  be  prevented  from 
blackening  the  bulb. 
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9.  The  following  methods  of  improving  the  tungsten  lamp 
and  thus  increasing  its  efficiency,  are  then  discussed  in  detail: 
Introduction  of  gases,  such  as  nitrogen,  mercury  vapor, 
or  argon,  into  the  bulb  at  atmospheric  pressure. 

Changing  the  location  of  the  deposit  by  means  of  convec- 
tion currents  in  gases,  so  that  the  bulb  opposite  the  filament 
does  not  darken. 
10.  These  methods  have  met  with  marked    success.     The 
second  part  of  this  paper  will  deal  with  a  particular  type  of 
lamp;  i.e.,  a  tungsten  lamp  containing  nitrogen  at  about  atmos- 
pheric pressure. 
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TUNGSTEN    LAMPS   OF    HIGH    EFFICIENCY— II 
Nitrogen-Filled  Lamps 


BY  IRVING  LANGMUIR  AND  J.  A.  ORANGE 


The  first  part  of  this  paper  outlined  principles  upon  which 
radical  improvements  in  the  efficiency  of  ttmgsten  lamps  may 
be  based. 

It  was  shown  that  the  desired  improvement  can  be  obtained 
by  preventing  evaporation  of  the  filament  or  by  preventing 
blackening  of  the  bulb.  By  the  introduction  of  considerable 
pressures  of  such  gases  as  nitrogen,  mercury  vapor  or  argon  into 
the  lamp  the  blackening  can  be  practically  avoided  and  the  evap- 
oration of  the  filament  reduced  very  considerably. 

By  making  use  of  these  principles  we  have  been  able  to  con- 
struct practical  tungsten  lamps  which,  starting  at  a  specific  cdu- 
sumption  of  about  0.40  watt  per  candle,  have  run  over  two 
thousand  hours,  the  average  specific  consumption  during  life 
being  less  than  0.5  watt  per  candle.  It  should  be  pointed  out 
at  the  outset,  however,  that  such  a  degree  of  improvement  as 
this  has  been  reached  only  in  lamps  taking  large  currents. 

In  this  second  part  of  the  paper  we  will  describe  the  methods 
by  which  these  results  have  been  attained. 

The  early  experiments  with  lamps  containing  nitrogen  at 
atmospheric  pressure  were  made  with  ordinary  single  loop  fila- 
ments of  0.005  and  0.010  inch  diameter  placed  in  long  heater 
lamp  bulbs.  These  lamps  were  set  up  on  life  test  at  such  a 
voltage  that  the  temperattu'e  of  the  filament  was  2850  deg.  K. 

In  order  to  compare  these  with  ordinary  lamps,  similar  lamps 
with  evacuated  bulbs  were  set  up  on  life  test  with  the  filaments 
at  the  same  temperature. 

The  nitrogen-filled  lamps  with  the  filaments  0.005  inch  dia- 
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meter  had  a  specific  consumption  of  0.65  watt  per  candle  and  had 
a  life  of  about  90  hours,  whereas  those  with  the  larger  filaments 
(0.010  inch  diameter)  had  a  specific  consumption  of  0.56  watt  per 
candle  and  a  life  of  about  300  hours.  The  bulbs  opposite  the  fila- 
ments remained  clear,  although  a  slight  brown  deposit  of  tungsten 
nitride  collected  in  the  upper  part  of  the  bulbs.  The  candle  power 
of  these  lamps  remained  above  80  per  cent  during  their  entire 
life,  failure  being  due  in  every  case  to  breakage  of  the  filament 
after  this  had  decreased  considerably  in  diameter. 

The  vacuum  lamps,  on  the  other  hand,  had  a  specific  consump- 
tion of  0.41  watt  per  candle,  but  the  bulbs  blackened  rapidly,  the 
candle  power  falling  to  80  per  cent  in  about  40  minutes.  Since 
the  filaments  of  the  vacuum  lamps  burnt  out  after  2  to  5  hours 
whereas  those  of  the  nitrogen  lamps  lasted  50  to  100  times  as 
long,  it  is  evident  that  the  rate  of  evaporation  of  the  tungsten 
is  materially  reduced  by  the  presence  of  the  nitrogen. 

These  results  indicated  clearly  the  desirability  of  using  a  filament 
of  large  diameter.  The  larger  filaments  gave  not  only  a  better 
efficiency  at  any  definite  temperature,  but  also  a  much  longer  life. 
Thus  doubling  the  diameter  decreased  the  specific  consumption 
from  0.65  to  0.56  and  increased  the  life  from  90  to  300  hotirs. 
The  improvement  in  the  efficiency,  as  was  pointed  out  in  the  first 
part  of  this  paper,  is  due  to  the  relatively  greater  heat  loss  by 
convection  from  small  wires.  The  life  of  the  filament  is  deter- 
mined largely  by  the  loss  of  timgsten  from  the  filament  by  evap- 
oration and  has  been  found  to  be  dependent  on  the  relative 
decrease  in  diameter  caused  by  this  evaporation.  If  the  rate 
of  evaporation  per  imit  area  from  large  and  small  wires  were 
the  same,  the  lives  of  various  filaments  run  at  a  given  temperature 
would  be  roughly  proportional  to  their  diameters.  However,  as 
the  evaporation  of  tungsten  in  nitrogen  is  largely  a  diflfusion  pro- 
cess, it  probably  obeys  laws  similar  to  those  of  conduction  or  con- 
vection of  heat  from  a  wire ;  that  is,  for  wires  of  small  diameter,  the 
actual  amount  of  tungsten  evaporated  would  be  nearly  inde- 
pendent of  the  size  of  the  wire.  The  rate  of  evaporation  per 
unit  area  would  thus  be  approximately  inversely  proportional 
to  the  diameter.  The  relative  lives  of  very  small  wires  in  ni- 
trogen are  therefore  nearly  proportional  to  the  squares  of  their 
diameters. 

Design  of  Filament 

These  results  were  decidedly  encouraging,  for  both  the  effi- 
ciency and  the  life  of  the  lamps  can  be  improved  by  increas- 
ing the  diameter  of  the  filament.  ^  I 
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It  is,  however,  not  desirable  to  use  filaments  of  very  Jarge 
diameter  if  similar  results  can  be  obtained  with  smaller  ones. 
The  current  taken  by  a  filament  increases  approximately  with 
the  three-halves  power  of  the  diameter.  Thus,  for  wires  of 
the  sizes  used  in  the  preceding  experiments,  the  currents  needed 
to  maintain  a  temperature  of  2850  deg.  were  approximately: 


Diameter                  Current 

inches 

mm. 

amps. 

0.005 
0.010 
0.020 

0.127 
0.254 
0.508 

3.0 

8.5 

24.0 

Unless  very  low  voltages  are  used,  the  power  consumed 
with  the  larger  wires  is  so  great  that  only  very  high  candle  power 
lamps  can  be  made. 

Therefore  it  was  of  vital  importance  to  increase  the  effective 
diameter  of  the  filament  without  decreasing  its  resistance,  and 
variotis  methods  of  doing  this  were  tried. 

This  result  may,  for  example,  be  obtained  by  using  a  tubular 
filament.  The  method  which  has  thus  far  proved  most  satis- 
factory, however,  is  to  wind  the  filament  into  the  form  of  a 
tightly  coiled  helix. 

The  use  of  a  helically  wound  filament  presents  several  very 
interesting  features.  The  life  of  ordinary  single  loop  filaments 
is  limited  by  the  irregularities  in  diameter  which  develop  after 
a  considerable  amount  of  tungsten  has  evaporated.  These 
irregularities,  after  they  first  appear,  tend  to  magnify  themselves 
very  rapidly,  on  account  of  the  tendency  for  the  cturent  to  over- 
heat any  spot  which  becomes  thinner  than  the  rest  of  the  fila- 
ment. The  overheating  increases  the  rate  of  evaporation  and 
rapidly  causes  failure. 

In  the  gas-filled  lamps,  however,  when  helically  woimd  fila- 
ments are  employed,  a  new  factor  is  introduced  which  entirely 
cotmteracts  this  tendency  to  overheat  in  spots.  In  designing 
the  filaments  of  these  lamps,  it  is  evidently  desirable  to 
wind  the  filament  on  as  large  a  mandrel  as  possible,  in  order 
to  obtain  the  advantage  of  the  large  diameter.  Since  tungsten 
is  a  relatively  soft  material  at  the  operating  temperature  of  these 
lamps,  too  large  a  mandrel  should  not  be  used,  as  otherwise  the 
weight  of  the  filament  pulls  out  the  helix  very  materially  in  a  few 
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hours,  and  the  heat  lost  by  convection  may  thus  become  greater 
than  if  a  helix  of  smaller  diameter  had  been  used.  In  actual 
practise  the  filament  is  designed  so  that  the  amount  of  sagging 
during  life  will  be  perceptible,  but  not  enough  to  cause  too  great 
a  change  in  the  characteristics  of  the  lamp. 

If,  during  the  life  of  the  lamp,  any  part  of  the  filament  should, 
for  any  reason,  evaporate  "more  rapidly  than  the  rest,  so  that 
the  filament  becomes  somewhat  thinner,  this  portion  will  have 
less  mechanical  strength  than  the  rest  and  will  therefore  sag 
more  rapidly.  The  helix  will  therefore  open  out  wherever  the 
filament  becomes  thin  or  becomes  overheated.  This  will  cause 
increased  heat  loss  both  by  convection  and  radiation,  and 
thus  prevent  local  overheating  or  spotting. 

The  use  of  helically  wotmd  filaments  increases  the  life  of  the 
lamp  many  times  beyond  the  life  that  would  be  obtained  with 
a  straight  filament  running  at  the  same  efficiency.  This  is 
especially  true  of  the  smaller  sizes  of  wire. 

Besides  the  helically  wound  filament,  various  other  forms 
have  been  tried,  and,  for  special  purposes,  many  of  these  have 
decided  advantages. 

Dbsign  of  Bulbs  and  Location  of  Filaments 
In  the  ordinary  evacuated  lamp,  the  choice  of  a  suitable 
bulb  is  a  comparatively  simple  matter.  It  must  be  of  con- 
venient si25e  and  shape,  and  provide  sufficient  room  for  the 
proper  mounting  of  the  filament.  Furthermore,  it  must  have 
as  large  an  inside  surface  as  possible,  so  that  the  density  of  the 
deposit  of  evaporated  tungsten  will  be  small.  It  is  also  desirable 
to  have  the  bulb  at  a  sufficient  distance  from  the  filament  and 
so  related  to  the  power  input  into  the  lamp  that  the  bulb  does 
not  become  overheated.  This  latter  is  not  only  desirable  from 
the  point  of  view  of  safety  (in  case  of  lamps  for  domestic  service), 
but  because  it  is  difficult  to  remove  water  vapor  so  thoroughly 
from  the  bulbs  that  the  life  of  the  lamps  will  not  be  greatly  short- 
ened by  an  overheating  of  the  glass. 

In  the  nitrogen-filled  lamps,  however,  several  other  factors 
must  be  considered,  especially  in  the  lamps  of  high  candle  power. 
In  ordinary  lamps  about  20  per  cent  of  the  energy  radiated 
from  the  filament  is  intercepted  by  the  glass  and  causes  heating 
of  the  bulb.  In  the  nitrogen  lamp,  beside  this  radiated  heat, 
there  is  an  additional  amount  of  heat  carried  to  the  bulb  by 
convection — an  amount  varying  with  the  t3rpe  of  lamp  and 
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ranging  from  6  to  40  per  cent  of  the  total  input.  The  convec- 
tion currents  carrying  this  relatively  large  amount  of  heat 
travel  vertics^y  upwards  from  the  filament  and  strike  a  rela- 
tively small  area  of  the  bulb,  which  thus  tends  to  become  greatly 
overheated.  Unless  special  precautions  are  taken,  this  overheat- 
ing will  cause  the  liberation  of  enough  water  vapor  to  cause 
attack  of  the  filament  and  consequent  blackening  of  the  bulb. 
It  is  thus  highly  desirable,  in  ordinary  cases,  if  small  bulbs  are 
to  be  used,  that  the  filament  should  be  placed  in  the  lower  part 
of  the  bulb.  This  has  the  further  advantage  that  it  allows 
sufficient  surface  of  glass  in  the  upper  part  for  the  deposition 
of  the  ttmgsten  nitride. 

For  a  similar  reason  it  is  generally  desirable,  although  not 
necessary,  to  make  the  bulbs  with  their  height  considerably 
greater  than  their  horizontal  diameter. 

By  special  design  of  the  bulb,  satisfactory  lamps  have  been 
made  with  bulbs  of  only  one-half  to  one-tbird  as  large  a  volume 
as  that  of  evacuated  lamps  of  the  same  wattage.  This  means  that 
for  bulbs  of  the  same  volume  the  nitrogen  lamps  give  roughly 
from  five  to  ten  times  the  candle  power  of  evacuated  lamps. 
The  bulbs  of  such  lamps  naturally  run  much  hotter  than  those 
of  ordinary  lamps.  The  upper  parts  of  the  bulbs  are  often  at  100 
to  200  deg.  cent,  or  more,  while  the  lower  parts  are  sometimes 
much  cooler  than  this,  although  closer  to  the  filament. 

Several  special  varieties  of  heat-resistant  glass  have  been  used 
for  the  bulbs,  which  can  thus  be  made  smaller,  while  it  be- 
comes easier  to  get  rid  of  water  vapor.  Transparent  quartz 
bulbs  have  been  tried,  but  do  not  seem  to  have  stiffident 
advantage  over  some  of  the  special  glasses  to  offset  their 
present  high  cost. 

Lbad-in  Wires  and  Supports 
For  some  of  the  larger  size  lamps  which  take  heavy  currents 
(20-30  amperes)  it  has  been  necessary  to  devise  special  types 
of  lead-in  wires.  The  ordinary  platinum  leads  have  been  dis- 
carded entirely,  even  in  the  smaller  sizes.  Several  types  of 
heavy  current  leads  Hbave  been  successfully  used.  Most  de- 
pend on  the  use  of  special  alloys  which  have  the  same  coefficient 
of  expansion  as  the  glass.  Bulbs  of  special  glasses  into  which 
tungsten  or  molybdenum  wire  can  be  sealed  directly,  have  also 
been  used. 

In  many  of  the  larger  lamps  the  lead-in  wires  pass  through 
the  lower  end  of  the  lamp.    In  this  case  they  can  be  made^^T^ 
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short.  In  others,  however,  the  leads  are  brought  in  from  the 
top.  This  requires  more  care  in  the  construction  of  the  seal 
if  it  is  exposed  to  the  heat  from  the  convection  cun^ents.  Screens 
are  sometimes  used  to  protect  the  seal  or  other  glass  parts  from 
direct  contact  with  the  convection  currents,  and  to  reduce 
convection. 

Various  Types  op  Nitrogen-Pilled  Lamps 

We  have  seen  that  at  constant  temperature,  both  the  eflS- 
ciency  and  the  life  improve  as  the  diameter  of  the  wire  is  in- 
creased. With  very  large  wires  (0.020  to  0.040  inch  diameter) 
which  take  20-60  amperes,  the  specific  consumption  may  be  as  low 
as  0.40  watt  per  candle  and  probably  even  less,  and  yet  give  a  life 
over  a  thousand  hours.  It  will  probably  be  worth  while, 
in  some  cases,  to  use  nitrogen  in  low-current  lamps,  even  if  an 
efficiency  no  better  than  that  of  vacuum  lamps  is  obtained,  in 
order  to  gain  certain  other  advantages  of  the  nitrogen-filled 
lamps,  such  as  better  color  of  the  light,  higher  intrinsic  brilUancy, 
etc. 

The  principal  limitation  of  the  new  type  is  therefore  that 
of  ciurent.  There  is  no  practical  upper  limit  to  the  current, 
provided  the  voltage  is  not  lowered  to  keep  constant  power 
consumption.*  With  increasing  current,  larger  and  larger 
filaments  are  used  and  the  specific  consumption  may  be  low- 
ered towards  the  limit  of  0.20  watt  per  candle,  which  is 
fixed  by  the  melting-point  of  tungsten.  Unless  special  ex- 
pedients are  employed,  the  cooling  effect  of  the  leads  lowers 
the  efficiency  of  the  lamps  by  an  amoimt  that  is  inversely  pro- 
portional to  the  voltage  and  nearly  independent  of  the  size  of 
the  wire  or  the  cturent  strength. 

With  voltages  of  20  volts  or  more,  this  effect  is  not  serious, 
but  for  voltages  as  low  or  lower  than  10  volts,  it  may  become 
very  important. 

For  the  particular  type  of  nitrogen-fiUed  lamp  which  has  at 
present  been  furthest  developed,  it  may  be  said  that  a  life  of 
over  1500  hours  is  obtained  at  a  specific  consumption  less  than 
0.50  watt  per  candle  only  in  large  units  taking  over  ten  amperes. 
Lamps  running  at  0.6  to  0.7  watt  per  candle  have  been  made 
in  units  taking  at  least  5  amperes. 

No  serious  difficulty  has  been  met  in  making  high-voltage 

♦As  an  example,  a  lamp  taking  60  amperes  and  giving  6600  candle 
power  at  0.40  watt  per  candle  has  b.een  successfully  run. 
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lamps.  In  nitrogen  at  atmospheric  pressure  with  properly  con- 
structed lamps  there  is  no  tendency  toward  arcing,  even  at  250 
volts.  Many  lamps  taking  6  or  7  amperes  at  1 10  volts  have  been 
made  up  and  run  at  0.6  to  0.7  watt  per  candle,  with  a  life  of 
over  1000  hours. 

A  number  of  special  types  of  nitrogen-filled  lamps  have  been 
made  and  tested.  Among  these  the  most  interesting,  for  the 
present,  are  perhaps  the  following: 

1.  Large  Units  of  Very  High  Efficiency  (0.4  to  0.6  liHitt  per  can- 
dle with  a  life  of  1500  hours  or  more).  These  take  currents  of  20 
to  30  amperes  and  (except  in  units  over  4000  candle  power)  are 
therefore  best  run  from  a-c.  circuits  by  means  of  small  transformers 
or  auto-transformers  giving  a  voltage  depending  on  the  size  of 
unit  desired.  Thus,  with  30  volts  and  25  amperes,  the  power 
would  be  750  watts  and  this,  in  a  lamp  at  0.45  watt  per 
candle,  would  give  1670  candle  power.  Higher  or  lower  candle 
power  may  be  obtained  by  using  other  voltages.  Typical  lamps 
of  this  kind  are  shown  in  Pigs.  1  and  2. 

2.  Small  Units  of  Low  Voltage,  These  take  currents  of 
ten  amperes  or  less  and  voltages  as  low  as  four  or  five  volts. 
The  specific  consumption  with  1000-hour  life  ranges  from  0.6  to 
1.0,  or  even  1.25  watt  per  candle,  according  to  the  current  used. 

These  lamps  are  adapted  for  series  street  lighting  on  6.6-ampere 
circuits  (at  0.6  to  0.7  watt  per  candle),  for  stereopticon  lamps, 
automobile  headlights  and  in  general  wherever  a  soiu-ce  of  high 
intrinsic  brilliancy,  steadiness  and  white  color  is  needed. 

3.  Lamps  to  Run  on  Standard  Lighting  Circuits  (110  volts). 
Large  imits  of  this  type  (several  thousand  candle  power) 
have  a  specific  consumption  of  0.5  watt  per  candle  or  less.  With 
smaller  units  the  efficiency  is  ordinarily  not  so  high, 

A  lamp  of  this  type  is  illustrated  in  Fig.  3.  The  leads  may  be 
brought  in  from  the  top,  in  which  case  they  are  preferably  made 
longer  so  that  the  filament  remains  in  the  lower  part  of  the  bulb. 

Special  Advantages  op  the  Nitrogen-Filled  Lamps 
Besides  its  high  efficiency,  the  features  of  the  new  lamps 
which  may,  at  least  for  certain  purposes,  prove  of  advantage, 
are: 

1.  Color  of  the  Light,  The  temperatiu"e  of  the  filament  being 
400  to  600  deg.  higher  than  that  of  ordinary  lamps,  causes  the 
light  to  be  of  a  very  much  whiter  color,  so  that  it  comes  closer 
to  daylight  than  any  other  form  of  artificial  illuminant  except 
the  d-c.  arc  and  the  special  Moore  tube  containing  carbon  dioxide.    Jp 
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The  color  is  almost  exactly  like  that  which  can  be  had  for  a 
few  minutes  by  running  an  ordinary  tungsten  lamp  at  double 
its  rated  voltage. 

Work  is  at  present  under  way  to  develop  special  color  screens 


Fig.  1 — High  Efficiency  Nitro- 

GBN-PlLLBD    LaMP      FOR     LOW- 

VoLTAGE  Circuit 


Fig.  2 — High  Efficiency  Nitro- 
gen-Filled Lamp  for  Low- 
Voltage  Circuit 


which,  when  used  with  this  light,  will  give  a  true  daylight  color 
(corresponding  to  the  radiation  from  a  black  body  at  5000  deg. 
cent.).  From  measurements  with  the  spectrophotometer,  it 
can  be  calculated  that  the  screens  which  will  accomplish  this 
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purpose  will  absorb  from  65  to  76  per  cent  of  the  light,  so  that 
the  net  specific  consumption  will  be  about  1.6  to  2.0  watts  per 
candle  for  a  piu-e  daylight  color.  At  present,  to  accomplish 
this  purpose  with  ordinary  tungsten  lamps,  screens  mxist  be 
used  winch  absorb  so  much  light  that  the  total  specific  con- 
siunption  is  between  10  and  12  watts  per  candle. 

2.  High  Intrinsic  Brilliancy  of  the  Filament.    At  the  operating 
temperature  of  the  nitrogen-filled  lamps  the  intrinsic  brilliancy 


Fig.  3 — Nitrogbn-Filled  Lamp      Fig.  4 — Lamp  and  Screen    Used 
FOR  110- Volt  Circuit  for  Calibration  of  Blue  Glass 


of  the  filament  is  about  1200  candle  power  per  sq.  cm.  In 
ordinary  tungsten  lamps,  on  the  other  hand,  running  at  about 
1.25  watts  per  candle,  the  filaments  have  a  brilliancy  of  only 
about  150  candle  power  per  sq.  cm.  The  brilliancy  of  the 
filament  of  the  nitrogen  lamp  is  thus  about  eight  times  that  of 
the  ordinary  lamp. 

This  featiu-e,  combined  with  the  high  degree  of  concentration 
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preferably  used,  renders  these  lamps  particularly  useful  for 
projection  work,  such  as  for  headlights  or  for  stereopticons. 
3.  Constancy  of  Characteristics  During  Life.  It  is  often 
possible  so  to  design  these  lamps  that  their  ampere-,volt-, 
candle  power  characteristics  remain  practically  fixed  dur- 
ing the  greater  part  of  their  life.  In  any  case,  however, 
since  there  is  no  deposit  on  the  btdb  to  cut  off  the  light, 
the  candle  power  practically  never  falls  below  75  per  cent 
(this  decrease  sometimes  being  due  to  sagging).  The  lamp 
usually  fails  by  the  breakage  of  the  filament  with  the  candle 
power  well  above  80  per  cent  of  its  original  value. 

APPENDIX    I 

Light  Distribution  of  Nitrogen- Filled  Lamps,  In  the  pre- 
ceding paper,  wherever  the  specific  consumption  of  lamps  has 
been  given,  it  is  expressed  in  watts  per  horizontal  (international) 
candles  measured  in  the  direction  perpendicular  to  the  plane 
of  the  filament  if  this  is  in  the  form  of  a  single  loop. 

Careful  measiu"ements  have  shown  that  with  helically  wound 
filaments  the  distribution  of  light  in  a  horizontal  plane  is  almost 
perfectly  uniform,  therefore  the  specific  consumption  that  has 
been  given  may  be  considered  to  represent  also  watts  per  mean 
horizontal  candle. 

The  spherical  candle  power  of  many  of  the  lamps  has  been 
measured.  The  ratio  of  mean  spherical  to  maximum  horizontal 
(practically  mean  horizontal  also)  candle  power  has  been 
found  to  average  about  84  per  cent  for  the  lamps  made  with 
single  loops  of  helically  wound  wire. 

APPENDIX  II 

Method  of  Photometry  for  Nitrogen-Filled  Lamps,  The  usual 
practise  in  dealing  with  incandescent  lamps  is  to  determine 
volts,  amperes  and  candle  power  either  at  a  predetermined 
value  of  one  of  these  quantities  or  else  at  a  predetermined 
efficiency  by  the  **cut  and  try"  method.  In  the  case  of  a  lamp 
which  presents  so  many  variables  as  does  the  nitrogen-fiUed 
lamp,  however,  it  is  more  systematic  to  regard  temperature 
as  the  fundamental  variable. 

The  method  that  has  been  adopted  for  these  lamps  is  not  es- 
sentially novel,  although  it  does  not  appear  to  be  as  well  known 
as  it  deserves  to  be. 
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First:    The  temperature  has  been  defined  by  the  equation 

11,230 
7.029- log  H 

where  T  is  the  absolute  temperature  and  H  is  the  intrinsic 
brilliancy  of  the  filament  in  international  candle  power  per  sq. 
cm.  (projected  area).* 

Second:  A  most  useful  criterion  in  practise  for  equality  of 
temperature  of  tungsten  filament  is  that  of  color-match. 

A  little  practise  with  the  Limimer-Brodhun  photometer 
enables  one  to  judge  equality  within  about  5  deg.  if  the  illumina- 
tion is  good.  The  most  convenient  way  of  setting  up  tempera- 
ture standards  is  to  select  a  number  of  well-seasoned  lamps  of 
high-voltage  type  in  which  the  anchors  are  tightly  pinched 
onto  the  filaments  so  as  to  prevent  variable  cooling  effects  at 
the  contact.  It  is  best  to  standardize  these,  not  on  a  basis 
of  candle  power  and  filament  dimensions,  but  by  the  aid  of  a 
special  lamp  and  diaphragm  as  shown  in  Fig.  4.  This  lamp  is 
arranged  at  one  end  of  the  photometer  with  the  diaphragm  in 
front  of  and  at  a  known  short  distance  from  it.  The  filament  is 
preferably  stout  (say  10-miI  or  0.025-cm.)  so  as  to  admit  of 
good  micrometer  measurements. 

The  diaphragm  enables  one  to  disregard  the  end  portions  of 
the  filament  and  select  a  known  length  of  the  part  which  is  at 
uniform  temperatiu"e.  Of  course  a  simple  geometrical  correc- 
tion based  on  the  position  of  the  screen  is  necessary. 

It  is  thus  possible  to  set  up  the  special  lamp  at  any  tempera- 
ture desired  by  getting  the  appropriate  candle  power  per  sq.  cm. 
from  the  filament.  The  standard  lamps  are  brought  to  color- 
match  with  this  arrangement  and  in  this  way  a  set  of  lamps 
with  known  relation  between  voltage  and  effective  temperature 
is  obtained.  The  life  of  the  ordinary  standard  lamps  would 
be  very  short  indeed  if  they  were  run  at  the  same  temperature 
as  nitrogen-filled  lamps.  For  this  work,  therefore,  the  standards 
cannot  be  used  directly  as  color-standards.  For  this  reason 
a  most  important  accessory  is  introduced  in  the  form  of  a  set 
of  special  blue  glasses.  It  is  not  easy  to  get  a  blue  screen  which 
will  perfectly  facilitate  color-match  of  tungsten  filaments  at  dif- 

*(The  derivation  of  this  formula  together  with  a  description  of  other 
methods  of  obtaining  the  temperature  of  filaments  will  soon  be  published, 
probably  in  the  Physical  Review.) 
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ferent  temperatures,  but  a  special  blue  glass  has  finally  been 
obtained  which  answers  exceedingly  well. 

Pour  distinct  screens  of  different  intensity  are  used,  each 
carefully  finished  as  a  uniform  plate,  and  any  or  all  of  these  may 
be  combined  with  a  tungsten  filament  rim  at  any  temperature 
and  the  result  will  color-match  correctly  against  another  tungs- 
ten filament  at  a  higher  temperature. 

It  may  be  shown  theoretically  and  experiment  confirms  that 
the  following  relation  holds: 

If  r  is  the  temperature  of  a  filament  which  is  viewed  through 
screens  A^  B,  C,  etc., 

Ti  is  the  temperature  of  a  filament  which  matches  the  above. 

Then  -^  —  •=r=a  +  6  +  c  etc. 
Ill 

where  a,  6,  c  etc.  are  constants  for  the  screens  A,  B,  C,  etc. 
Thus  one  only  needs  to  maintain  one  standard  temperature  by 
means  of  standard  lamps  and  that  temperature  can  be  so  low 
that  great  permanence  is  insured. 

The  constants  for  the  four  glasses  once  determined,  there 
are  available  a  number  of  standard  temperatures  ranging  from 
2260  deg.  to  3600  deg.  K. 

By  the  use  of  these  screens  it  is  an  easy  matter  to  set  a 
lamp  up  at  a  voltage  such  that  the  filament  has  a  standard 
temperature,  say  2850  deg.  To  do  this  it  is  simply  necessary 
to  adjust  the  voltage  so  that  the  color  of  the  light  from  the 
lamp  is  the  same  as  that  which  comes  from  the  standard  lamp 
when  viewed  through  one  of  the  special  blue  screens. 

Since  the  eflSciency  in  vacuum  is  very  simply  related  to  the 
color  of  the  light,  this  method  of  photometry  gives  a  very 
simple  and  direct  way  of  knowing  the  exact  effect  which  the 
nitrogen  has  on  the  efficiency  of  the  lamp. 
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Discussion  on  **  Tungsten  Lamps  op  High  Eppiciency — I 
AND  11"  (Langmuir  and  Orange),  New  York,  N.  Y., 
October  10, 1913. 

John  B.  Taylor:  I  would  first  like  to  make  a  few  remarks, 
to  give  the  audience  a  few  moments'  time  in  which  their  eyes 
may  become  accustomed  to  the  great  difference  in  brilliancy  be- 
tween the  filaments  they  have  just  been  looking  at  and  the  en- 
larged projected  image,  which,  perhaps,  will  have  a  brilliancy 
of  something  in  the  order  of  one-millionth  part  of  the  brilliancy 
of  the  lamps  at  which  you  have  been  looking. 

I  can  testify  to  the  satisfaction  that  this  lamp  gives  in  pro- 
jection work  after  using  the  lamp  with  a  projecting  microscope 
and  also  for  photomicrographic  work,  particularly  color  photo- 
graphy. The  steadiness  of  the  lamp  as  compared  with  an  arc 
lamp,  either  hand-fed  or  automatic,  leaves  the  worker  absolutely 
free  to  give  all  his  attention  to  the  subject  or  specimen  and  the 

photographic  plate.  A  switch  turns 
on  the  lamp  and  the  light  source  is 
always  exactly  in  the  same  position. 
Its  intensity  will  always  be  the  same, 
and  repeated  exposures  will  give 
similar  results.  The  color  value  is 
good,  as  it  is  almost  as  white  as  a 
carbon  arc.  In  projection  work  half 
of  the  light  is  thrown  backward,  but 
a  large  portion  of  this  can  be  con- 
served by  the  use  of  a  reflecting 
PiQ   2  mirror,    properly  placed  so  that  the 

reflected  image  practically  coincides 
with  the  source  of  light.  The  projection  arrangement  I  have 
here  will  show  this.  This  reflector  arrangement  is  of  no  value 
in  the  case  of  the  carbon  arc,  as  the  electrode  casts  a  shadow 
backwards.  As  shown  in  Fig.  1,  the  reflected  image  is  inverted 
with  respect  to  the  direct  image. 

(Mr.  Taylor  then  threw  the  projection  on  the  screen.) 
I  ask  Dr.  Langmuir  if  he  can  tell  us  anything  of  the  ratio  of 
the  resistances  of  the  filament  hot  and  cold  in  the  nitrogen- 
filled  lamps.  This  may  be  an  important  factor  when  the  lamp 
is  switched  on  if  there  is  a  momentary  overload  of  fifteen  or 
twenty  times  normal. 

John  W.  Howell :  Dr.  Langmuir  has  made  an  analysis  of  the 
residual  gases  in  tungsten  lamps,  and  has  devised  an  apparatus 
for  the  making  of  qualitative  analyses  in  determining  the  five 
constituents  in  one  cu.  mm.  of  gas.  That  is  a  marvelous  achieve- 
ment. Dimng  all  the  years  we  have  been  working  on  incandes- 
cent lamps  we  have  been  interested  in  residual  gases,  we  have 
known  they  were  there,  and  we  had  a  general  idea  what  they  must 
be,  but  we  never  had  the  initiative  to  try  to  measure  them  in 
quality  and  quantity  as  Dr.  Langmuir  has  done. 
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The  first  summary  of  Dr.  Langmuir's,  on  page  1932,  reads* 
as  follows:  "  The  efficiency  at  which  tungsten  lamps  may  be 
profitably  run,  is  limited  principally  by  the  blackening  of  the 
bulb."  Dr.  Langmuir  should  have  drawn  that  statement  more 
carefully,  so  that  it  would  refer  to  large  lamps.  It  is  true 
of  large  lamps,  but  it  is  not  true  of  the  small  lamp.  Forty- 
watt  lamps  and  all  smaller  standard  lamps  blacken  so  little  that 
they  break  before  the  blackening  becomes  objectionable  and 
their  useful  life  is  their  total  life.  These  lamps  constitute  over 
75  per  cent  of  all  lamps  sold.  In  large  lamps  the  efficiency  is 
limited  by  the  blackening  of  the  bulb.  There  are  two  reasons 
for  this.  The  small  lamps  have  thin  filaments.  If  these  filaments 
waste  away  by  evaporation,  and  one  spot  is  hotter  than  the  other, 
the  hottest  spot  will  waste  fastest,  and  it  will  break  there.  This 
wasting  will  break  a  thin  filament  in  shorter  time  than  a  thick 
filament,  consequently  the  thin  filaments  break  before  the  evapo- 
ration has  proceeded  far  enough  to  blacken  the  bulb.  We  test 
in  the  laboratory  all  40-watt  lamps  at  0.9  watts  per  candle. 
Their  total  life  at  0.9  watt  per  candle  is  about  400  hr.,  and  at 
the  end  of  that  time  they  are  not  blackened  sufficiently  to  render 
them  objectionable  or  make  us  take  them  down.  Large-di- 
ameter lamps  will  live  longer.  Another  reason  why  lamps  with 
thick  filaments  blacken  more  than  those  with  thin  filaments  is 
that  thick  filaments  are  used  for  high  candle  power  lamps  and 
in  these  lamps,  for  practical  reasons,  the  bulb  area  is  not  nearly 
so  large  relative  to  the  candle  power  or  filament  surface  as  in 
thinner  filament  lamps,  and  as  the  evaporation  from  a  filament 
is  proportional  to  its  surface,  these  larger  lamps  with  less  bulb 
surface  per  unit  of  filament  surface  would  get  blacker  in  a  given 
time.  This  difference  in  bulb  surface  in  relation  to  filament 
surface  is  very  great  and  causes  large  lamps  to  become  useless 
by  blackening  before  the  filaments  break. 

As  to  the  second  paragraph  in  Dr.  Langmuir's  summary,  I 
have  recognized  for  some  time  that  there  are  three  different 
kinds  of  blackening  in  a  tungsten  lamp,  and  that  the  ordinary 
blackening  which  proceeds  very  slowly  and  is  uniform  throughout 
the  bulb  is  caused  by  the  evaporation  of  the  filament.  I  believe 
that  same  thing  of  carbon  lamps,  and  if  you  will  refer  to  the 
Transactions  of  this  Institute  for  March,  1894,  you  will  find  a 
paper  written  by  Prof.  Anthony  on  **  Incandescent  Lamps  Con- 
taining Heavy  Gases. '*  Prof.  Anthony  concludes  with  the  state- 
ment that  the  blackening  of  the  carbon  lamp  is  caused  by  the 
evaporation  of  the  filament,  and  Prof.  Elihu  Thomson,  and 
Prof.  Robb,  of  Hartford,  and  Mr.  Doane  agreed,  in  discussing 
the  paper,  that  the  blackening  was  due  to  this  cause. 

In  discussing  that  paper  I  said  that  there  were  two  kinds  of 
blackening,  one  was  due  to  evaporation,  I  believed,  and  the 
other  was  not.  Now,  the  other  kind  of  blackening,  which  I 
thought  was  not  due  to  evaporation,  is  always  irregular  in  its 
deposition  on  the  bulb.     In  carbon  incandescent  lamps  we  fre- 

♦As  first  printed,  previous  to  presentation.  ^^ 
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quently  met  an  irregular  blackening  which  we  call  mottling,  and 
mottling  always  occurs  in  a  lamp  which  has  a  defective  vacuum. 
Of  course,  there  are  different  kinds  of  defective  vacua,  but  only 
a  few  kinds  of  defective  vacua  that  produce  that  mottling. 
There  is  one  condition  which  always  produced  a  mottled  discolor- 
ation of  the  carbon  lamp,  and  that  was  in  the  case  of  lamps  which 
we  made  at  one  time,  in  which  we  put  a  little  clay  in  the  anchor 
clamp  to  hold  the  filament.  These  lanips  were  always  discolored 
irregularly  and  with  mottling.  That  same  mottled  discolora- 
tion is  found  in  tungsten  lamps.  This  lamp  (exhibiting  lamp) 
illustrates  a  mottled  lamp,  but  the  discoloration  is  not  black. 

It  is  a  lightish  discoloration,  caused  by  oxygen,  by  air. 
That  is  a  mottled  discoloration.  I  believe  that  any  residual 
gas  in  a  lamp  which  attacks  the  filament  will  produce  a  mottled 
discoloration. 

The  other  kind  of  blackening  in  lamps  is  due  to  water  vapor. 
We  have  believed  for  a  good  many  years  that  the  gas  which 
comes  from  the  glass  of  the  lamp  as  it  is  heated  was  water 
vapor,  but  we  did  not  know  it.  Dr.  Langmuir  proves  it  and 
now  we  know  it.  It  is  impossible,  I  think,  to  exhaust  out 
of  a  lamp  with  a  mercury  pump  all  of  the  water  vapor  which 
comes  off  the  glass  when  you  heat  it.  The  only  way  in  which 
we  can  take  it  out  is  by  the  use  of  phosphoric  anhydrid. 

Water  vapor  in  a  carbon  filament  lamp  does  not  cause  the  lamp 
to  blacken  as  in  a  tungsten  filament  lamp.  Here  are  two  tungsten 
lamps  (exhibiting  lamps)  that  were  made  in  the  spring  of  1907. 
When  we  made  these  lamps  we  exhausted  them  together  in  the 
same  Way.  After  they  were  exhausted  and  sealed  up  as  finished 
lamps,  I  took  one  lamp  and  with  a  gas  torch  heated  the  bulb 
hotter  than  it  had  been  heated  in  exhaustion,  and  then  the  two 
lamps  were  put  up  on  a  life  test  and  burned  over  night,  and  the 
restdt  of  one  night's  burning  was  that  the  lamp  that  had  been 
heated  to  drive  the  water  vapor  off  the  bulb  into  the  lamp  was 
black  the  next  morning  and  the  other  one  remained  perfectly 
clear.  We  discovered  also  that  when  we  heated  the  bulb  during 
exhaustion  the  water  vapor  was  sufficiently  removed  so  it  did 
not  come  out  any  more  afterward. 

Away  back,  about  1890,  there  was  a  lamp  put  on  the  market 
called,  the  novak  lamp,  a  carbon  lamp  with  one  mm.  of  bromine 
in  it.  The  lamp  was  not  commercially  successful  because  the 
bromine  had,  as  nitrogen  has,  bad  effects  and  good  effects,  but 
in  that  carbon  lamp  the  bad  effects  were  greater  than  the  good 
effects,  and  the  result  was  a  disadvantage  and  the  lamp  did 
not  live. 

At  that  time  I  made  a  lot  of  experiments  on  the  effects  of  gases 
in  lamps.  I  made  measurements  with  four  gases,  nitrogen, 
hydrogen,  bromine  and  chlorine.  The  lamps  I  used  were  first 
exhausted  with  a  very  good  vacuum,  and  then  increasing  amounts 
of  each  one  of  these  gases,  separately,  were  admitted  to  the  lamp, 
and  the  change  made  in  the  specific  consumption  of  the  lamp 
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by  the  cooling  effect  of  the  gas  was  noted,  and  these  changes 
were  plotted  in  a  curve  which  showed  the  effects  of  any  amount 
of  either  one  of  these  four  gases  in  the  lamp.  At  first  it  was 
impossible  to  make  a  lamp  which  would  bum  well  with  any  gas 
in  it.  It  was  only  when  we  realized  the  absolute  necessity  of 
dryness  in  the  gas  that  we  succeeded,  but  when  we  got  these 
gases  absolutely  dry,  neither  one  of  them  had  any  ill  effects  on 
the  lamp.  I  mean  as  to  making  it  black;  but  they  all  cooled 
the  filament  and  this  cooling  effect  is  what  we  measured. 

The  effect  of  water  vapor  in  a  carbon  lamp  is  to  render  the 
filament  sooty  and  black.  This  makes  it  a  very  excellent  ra- 
diator of  heat,  so  that  it  is  cooled  by  radiation  to  such  a  degree 
that  the  candle  power  falls  away  down,  and  yet  the  bulb  re- 
mains clear. 

Farley  Osgood:  The  question  that  interests  the  opera- 
ting engineer  is,  what  is  the  hope  of  the  development  of  this 
lamp  in  small  units?  As  Mr.  Howell  has  said,  75  per  cent  of 
the  lamps  used  are  in  small  imits. 

J.  E.  Randall:  You  have  had  here  an  exhibition  of  this  new 
development  and  a  demonstration  of  the  operation  of  these  lamps 
during  a  period  of  a  few  moments.  I  presume  that  I  am  the 
last  person  in  this  hall  to  have  seen  any  lamps  of  this  kind  op- 
erated in  the  Research  Laboratory  at  Schenectady.  I  saw  some 
lamps  there  today  and  identified  them  as  those  that  I  saw  op- 
erating under  the  same  conditions  a  niunber  of  weeks  ago. 
They  have  been  operating  continuously  since  the  first  time  I 
saw  them.  Therefore,  I  think  we  can  say  that  this  development 
is  successful.  The  development  will  be  beneficial  because  it 
marks  a  long  step  in  the  energy  efficiency  of  a  device  that  is 
notoriously   inefficient. 

If  we  grade  the  quality  of  lamps  by  the  initial  eflBiciency, 
that  is,  filament  temperature  at  which  they  will  show  a  certain 
performance,  the  so-called  nitrogen  lamp  will  take  a  very  high 
rank.  If  we  establish  as  a  standard  of  performance,  the  initial 
efficiency  at  which  a  lamp  will  develop  90  per  cent  of  its  theoret- 
ical candle  hours  during  one  thousand  hours  of  burning,  candle 
maintenance  and  mortality  both  considered;  and  if,  on  this 
basis,  we  call  the  raw  carbon  filament  lamp  100,  the  various 
types  will  rank  as  follows: 

Raw  carbon  filament  lamp 100 

Treated  carbon  filament  lamp 119 

Gem  filament  lamp 149 

Tantalum  filament  lamp 206 

Tungsten  filament  lamp 359 

I  have  not  complete  data  for  the  new  lamp 

but  it  surely  would  have  a  rating  of 600 

We  should  not  consider  these  developments  as  extending  the 
lives  of  lamps.  Their  success  should  rather  be  gaged  by  their 
energy  saving.  The  real  advantage  of  any  improvement  in  the 
incandescent  lamp  is  utilized  by  raising  eflSciency  rather  than  by 
prolonging  life. 
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The  way  for  the  new  lamp  was  to  a  great  extent  prepared 
by  the  production  of  ductile  tungsten.  Methods  of  shaping 
the  drawn  tungsten  wire  into  helical  coils  have  been  so  developed 
that  they  are  of  signal  assistance.  Accuracy  of  control  of  wire 
diameter,  which,  one  may  say,  has  almost  reached  perfection, 
will  doubtless  add  speed  to  the  commercial  development  of  this 
latest  lamp. 

William  McClellan:  I  ask  whether  Dr.  Langmuir  in  closing 
will  say  a  word  about  frequency  in  connection  with  the  lamps, 
especially  low  frequencies,  with  low-voltage  lamps.  Is  there 
any  difference  between  that  and  the  ordinary  tungsten  lamp? 

Irving  Langmuir:  Different  frequencies  of  alternating  cur- 
rent? 

William  McClellan:  Yes.  The  point  is  that  the  ordinary 
carbon  lamp  at  2*5  cycles,  low  wattage,  does  not  flicker  so  that 
it  can  be  noticed.  When  you  come  to  the  timgsten  lamp  it 
flickers  considerably.  I  am  interested  in  knowing  whether  the 
new  type  of  lamp  will  be  different  from  the  tungsten,  or  practi- 
cally the  same. 

John  W.  Lieby  Jr.:  The  question  naturally  arises,  what  is 
going  to  be  the  effect  of  this  great  movement  forward  in  lamp 
eflSciency  on  central  station  service,  and  what  is  its  effect  going 
to  be  on  the  general  question  of  improvements  of  efficiency  and 
life  of  incandescent  lamps?  Undoubtedly  these  new  lamps  will 
necessitate  a  revision  of  our  criteria  which  have  prevailed  hitherto 
aa  to  what  should  be  considered  as  the  useful  life  of  the  lamp. 
Useful  life,  as  we  know,  has  been  established  in  accordance  with 
general  agreement  that  when  the  lamp  has  depreciated  in  candle 
power  to  80  per  cent  of  its  initial  value  the  useful  life  of  the  lamp 
has  ended;  it  has  reached  the  **  smashing  point.''  Now,  with 
these  new  developments  in  the  lamp,  and  the  increased  ef- 
ficiencies which  have  been  attained,  it  will  be  necessary  for  us 
to  modify  otu"  figttre,  or  at  least  give  it  new  consideration  in  the 
light  of  the  electrical  data  which  these  new  lamps  present.  The 
central  stations  have  long  ago  passed  that  period  when  they  could 
afford  to  exhibit  any  fear  as  to  the  ultimate  result  of  an  im- 
provement in  the  art,  in  any  direction  in  which  the  art  might 
progress.  This  new  development  will  help  to  reach  that  con- 
summation which  we  have  all  been  hoping  for,  that  the  electric 
light  will  reach  the  htunblest  home  and  be  as  easily  accessible 
to  the  humblest  of  our  citizens  as  kerosene. 

Another  question  which  is  raised  by  these  lamps  is,  what  will 
become  of  the  arc  lamp?  I  think  it  is  no  empty  prediction  that 
the  arc  lamp  under  the  impulse  which  this  new  development 
produces,  will  achieve  further  advances  to  put  itself  in  line  to 
continue  the  contention  with  its  new  competitor. 

M.  G.  Lloyd :  We  are  told  that  the  nitrogen  is  at  about  one 
atmosphere  pressure.  I  ask  the  reason  for  using  that  particular 
value.  I  should  like  to  know  whether  it  is  considered  objection- 
able to  have  a  higher  pressure  than  one  atmosphere  inside  the 
bulb. 
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H.  M.  Fales:  Telephone  companies  are  interested  in  the  suc- 
cess of  the  tungsten  lamp  for  street  lighting  ptuposes.  The 
present  carbon  arc  lamps  produce  variations  in  the  lighting  cir- 
cuit of  such  frequencies  that  serious  disturbances  are  often  caused 
inductively  in  telephone  circuits  located  on  the  same  street. 
With  ttmgsten  lamps  this  is  not  the  case.  The  disappearance 
of  inductive  disturbances  in  telephone  circuits  has  already, 
in  a  number  of  cases,  been  traced  to  the  substitution  of  tungsten 
lamps  for  arc  lamps. 

Farley  Osgood:  I  might  suggest  that  Dr.  Langmuir  in  closing 
say  a  word  about  the  stability  of  these  lamps.  Our  friend  Mr. 
Lieb  has  indicated  the  possibilities  of  it  for  arc  tise,  which  is 
very  interesting  to  operating  engineers. 

Irving  Langmuir:  The  difference  in  brilliancy,  pointed  out 
by  Mr.  Taylor,  between  the  inner  and  outer  portions  of  the  helix 
as  thrown  on  the  screen,  is  due,  I  think,  principally  to  reflected 
light  from  the  inner  sides  of  the  turns.  In  other  words,  the 
conditions  in  the  interior  of  the  helix  more  nearly  approach 
those  in  a  so-called  "  black  body  "  furnace.  The  difference  in 
temperature  between  the  inner  and  outer  part  of  the  wire  may 
be  approximated  by  calculation,  and  is  foimd  to  be  less  than  10 
degrees,  an  amount  too  small  to  accoimt  for  the  large  difference 
in  brilliancy. 

It  might  at  first  sight  appear  that  the  imprisonment  of  light 
by  reflection  back  and  forth  between  the  adjacent  turns  of  a 
helix  causes  a  waste  of  light  energy.  In  a  sense,  this  is  tru^, 
but  since  the  heat  energy  is  also  imprisoned  to  nearly  the  same 
degree,  the  power  needed  to  heat  the  filament  is  decreased  in 
about  the  same  ratio  as  the  light.  The  efficiency  at  any  given 
temperature  is  therefore  not  seriously  affected  by  the  helical 
winding.     Experiments  confirm  this. 

Mr.  Howeirs  criticism  that  the  failure  of  small  lamps  is  due 
principally  to  breakage  and  not  to  blackening  is,  I  feel,  quite 
correct.  In  writing  the  paper  I  had  in  mind  lamps  of  40-watt 
size,  or  larger.  Although  under  the  usual  operating  conditions 
the  failure  of  40-watt  lamps  running  at  normal  efficiency  is,  as 
Mr.  Howell  points  out,  rarely  due  to  blackening,  yet  otu*  experi- 
ments have  shown  clearly  that  as  soon  as  the  specific  consiunp- 
tion  of  such  lamps  is  lowered  to  about  0.8  watts  per  candle,  the 
bulbs  blacken  relatively  rapidly  and  the  candle  power  often  falls 
to  50  per  cent  of  the  initial  candle  power,  or  lower,  before  failure 
occurs. 

I  did  not  mean  to  claim  in  the  paper  that  we  were  the  first 
to  find  that  water  vapor  in  lamps  is  injurious,  or  to  suggest  evap- 
oration as  a  cause  of  blackening.  I  know  that  the  presence  of 
water  vapor  has  been  considered  extremely  harmful,  in  both 
carbon  and  in  tungsten  lamps,  from  the  early  days  of  their  manu- 
facture. I  have  pointed  out  that  evaporation  as  a  cause  of 
blackening  was  one  of  the  theories  often  applied  to  the  blackening 
of  lamps. 
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I  feel,  however,  that  evaporation  was  considered  as  a  possible 
explanation,  rather  than  as  the  known  cause  of  blackening  in 
well  made  lamps. 

It  has  been  my  experience  that  the  men  in  lamp  factories 
always  endeavored. to  explain  every  particularly  good  or  "  freak  " 
lamp  by  assimiing  that  the  vacuxun  in  the  lamp  had  been  better 
than  tisual,  thereby  directly  inferring  that  the  presence  of  resid- 
ual gases  limited  the  life  of  ordinary  lamps. 

Many  of  the  German  lamp  factories  have  carried  on  very 
careful  scientific  investigations  as  to  the  cause  of  blackening 
of  tungsten  lamps,  but  so  far  as  I  know,  have  not  found  evapora- 
tion to  be  the  cause. 

The  prevalent  theory  among  these  investigators  seems  to 
be  that  the  blackening  is  primarily  due  to  electrical  disintegra- 
tion. This  theory  has  sometimes  been  discarded  in  favor  of  the 
evaporation  theory,  because  the  rate  of  blackening  apparently 
did  not  perceptibly  depend  on  the  voltage  of  the  lamp,  but  did 
rise  rapidly  with  the  temperature  of  the  filament,  according  to 
a  curve  resembling  a  vapor  pressure  curve.  These  were  Prof. 
Anthony's  main  reasons  for  concluding  that  evaporation  was  the 
cause  of  blackening.  Investigations  during  the  past  ten  years, 
however,  have  shown  that  the  electrical  discharge  (thermionic 
current)  from  a  hot  wire  in  vacuum  is  independent  of  the  voltage 
and  does  rise  with  the  temperature,  according  to  just  such  a  curve 
as  that  observed  for  the  rate  of  blackening.  Thus  both  of  the 
main  reasons  which  had  led  Prof.  Anthony  to  conclude  that 
evaporation  was  the  cause  of  blackening  fall  to  the  groimd. 

On  the  other  hand,  the  objections  to  the  electrical  theory 
which  have  previously  seemed  most  serious,  disappear. 

The  real  reason  for  our  conclusion  that  evaporation  and  ther- 
mionic currents  are  not  related,  is  based  on  actual  measurements 
of  these  thermionic  currents,  which  are  being  published  else- 
where {Phys.  Review,  Dec,  1913). 

What  Mr.  Howell  has  said  about  the  uniformity  of  the  deposits 
caused  by  evaporation  is  in  accord  with  our  experience.  The 
blackening  due  to  water  vapor,  how^cvcr,  is  not  always,  or  even 
usually,  irregularly  deposited,  although  in  some  cases  it  may  be  so 
to  a  marked  degree.  In  some  cases  we  have  observed  that  black- 
ening by  water  vapor  is  limited  to  the  hottest  portions  of  the 
bulb.  In  fact,  if  heat  is  applied  locally  to  a  part  of  the  bulb, 
this  alone  may  blacken.  Sometimes  blackening  in  presence  of 
gas  is  influenced  by  electrical  discharges.  But  it  is  more  usual 
even  in  presence  of  water  vapor,  to  obtain  very  uniform  deposits, 
which  in  appearance  cannot  be  distinguished  from  those  due  to 
normal  evaporation. 

I  may  have  conveyed  a  false  impression  in  the  paragraph  on 
the  effect  of  argon.  That  paragraph  refers  only  to  argon  at 
very  low  pressures.  Argon  at  high  pressures  is  just  as  good,,  if 
not  better  than,  nitrogen.  The  results  so  far  indicate  that 
argon  will  probably  be  substituted  for  nitrogen  in  the  lamps  as 
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soon  as  it  becomes  readily  available.  The  gas  is  very  hard  to 
make  on  a  small  scale,  but  on  a  large  scale  it  can  be  made  very 
cheaply,  comparatively  speaking. 

In  regard  to  the  flicker  of  these  lamps  when  used  on  alternating 
current,  I  may  say  that  this  depends  entirely  on  the  size  of 
filament  used;  in  other  words,  on  the  current  taken  by  the  lamp. 
With  lamps  taking  6.6  amperes  on  25-cycle  current,  the  flicker 
is  just  barely  noticeable.  With  lamps  taking  larger  currents, 
it  cannot  be  detected  by  the  eye. 

The  pressure  of  gas  used  in  the  lamps  is  preferably  as  high  as 
is  consistent  with  safety.  In  order  to  avoid  all  possibility  of 
explosions,  we  aim  to  employ  such  an  amotmt  of  gas  that  the 
pressiu'e  will  be  about  atmospheric  pressure  during  the  normal 
operation  of  the  lamp.  The  gain  in  efficiency  which  could  be 
obtained  by  using  higher  pressures  is  entirely  negligible. 

The  stability  of  the  lamps  is  as  good  as  that  of  ordinary  lamps. 
Of  all  the  lamps  shipped  from  Schenectady  to  New  York  for  this 
meeting,  not  one  was  broken. 

In  conclusion,  I  should  like  to  say  that  I  consider  the  real 
credit  for  this  work  is  due  to  Dr.  W.  R.  Whitney,  who,  by  the 
encouragement  he  has  given  and  the  wonderful  spirit  of  coopera- 
tion he  has  created  in  the  laboratory,  has  made  the  result  possible. 
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INDUSTRIAL  SUBSTATIONS 


BY   H.   P.    LIVERSIDGE 


The  growth  of  the  demand  for  electrical  energy  during  the 
last  two  decades  has  been  one  of  the  very  significant  indications 
of  the  increasing  prosperity  of  the  cotmtry  at  large.  Remarkable 
growth  is  noted  in  the  demand  for  electrical  energy  for  all  uses, 
but  particularly  in  the  demand  for  energy  for  industrial  purposes. 
This  latter  demand  has  created  certain  problems  which  have 
necessitated  the  development  of  new  methods  by  which  energy 
is  delivered  to  consumers. 

It  is  the  purpose  of  this  paper,  after  tracing  very  briefly  the 
engineering  development  of  this  branch  of  the  central  station 
industry,  to  give  some  discussion  of  the  salient  features  of  the 
design  and  installation  of  electrical  plant  equipment  in  con- 
sumers' premises,  which  we  shall  designate  as  "  industrial  sub- 
stations." Certain  specific  installations  will  be  cited  and  certain 
conclusions  drawn. 

The  growth  of  the  supply  of  electrical  energy,  by  central 
stations  to  consumers,  for  industrial  purposes,  dates  back  to  the 
commercial  introduction  of  the  electric  motor.  Starting  with  the 
early  installations  of  a  few  horse  power  each,  the  development 
has  been  such  that  at  the  present  time  industrial  consumers  are 
found  with  individual  installations  totalling  several  thousand 
kilowatts  capacity. 

In  the  early  days  the  industrial  consumer  was  supplied  like 
other  consumers,  from  the  regular  service  mains  of  the  central 
station.  The  service  was  either  d-c,  or  a-c.  according  to  the 
character  of  the  central  station  mains.  Energy  was  suppUed 
without  the  necessity  of  installing  transforming  or  switching 
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equipment  in  the  consumer's  premises,  other  than  the  usual 
service  switches  controlling  the  incoming  lines. 

It  was  early  seen  by  operating  companies  that,  due  to  the 
increased  demand,  the  method  by  which  energy  is  brought  to 
the  consumer  and  there  distributed  would  have  to  undergo 
marked  changes,  and  that  it  would  be  necessary  to  devise  means 
by  which  the  large  blocks  of  energy  d^manded  could  be  satis- 
factorily supplied  by  the  central  station.  The  changes  necessary 
to  accomplish  these  results  have  affected  particularly:  (a)  the 
size  and  location  of  the  transforming  apparatus,  (b)  the  character 
of  the  equipment  required  to  control  these  increased  capacity 
installations,  and  (c)  the  voltage  at  which  the  energy  is  delivered 
to  the  consumer. 

Coupled  to  the  greater  demand  of  the  industrial  consimier 
supplied  from  high- voltage  alternating-current  lines  was,  often- 
times, the  need  for  direct-current  service.  This  added  require- 
ment necessitated  the  installation  of  rotating  apparatus  for 
transformation  from  alternating  current  to  direct  current, 
besides  the  static  transformer  equipment  usually  provided. 

These  larger  and  more  complicated  installations  practically 
made  necessary  the  location  of  the  transforming  apparatus  in 
the  consumer's  premises.  In  addition,  many  of  the  larger  services 
made  advisable  the  supply  of  energy  at  a  higher  potential  than 
that  of  the  regular  distribution  circuits  of  the  central  station 
system,  particularly  so  when  the  distance  of  transmission  was 
comparatively  long. 

The  installation  of  high-voltage  services  supplying  static 
transformers  or  rotating  transforming  apparatus,  or  both, 
necessitated  an  electrical  equipment  comparable  to  that  in- 
stalled in  central  station  substations.  Moreover,  the  same  care 
is  given  to  the  design  and  construction.  This  is  clearly  evidenced 
in  the  industrial  substations  later  cited  as  examples  in  this  paper. 

The  present  discussion  will  deal  more  particularly  with  large 
industrial  substation  installations  located  in  comparatively  built- 
up  manufactiuing  districts,  and  supplied  from  high- voltage 
alternating-current  lines.  At  the  outset,  consideration  must 
be  given  to  the  factors  that  determine  the  decision  on  the  part 
of  the  operating  company  whether  or  not  to  install  a  substation 
in  consumers'  premises. 

In  general,  when  the  load  does  not  exceed  a  few  hundred 
kilowatts  and  the  consumer's  demand  is  for  alternating  current 
entirely,  it  is  very  usual  practise  to  supply  the  consiuner  through 
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an  installation  of  transformers  fed  directly  from  the  distribution 
lines  of  the  operating  company.  In  such  cases,  no  substation  is 
necessary  in  the  consumer's  premises. 

On  the  other  hand,  when  the  amount  of  energy  demanded 
requires  a  heavy  capacity  transforming  equipment,  or  when  the 
requirements  of  the  consumer  arc  such  that  a  combination  ser- 
vice of  both  direct  current  and  alternating  current  must  be 
supplied,  then  it  becomes  necessary  to  install  protective  appara- 
tus and  switching  equipment  of  a  more  elaborate  nature  than  in 
the  former  case;  and  the  industrial  substation  is  therefore 
designed. 

The  problem  of  electrical  design  of  industrial  substations 
presents  usually  no  great  difficulties.  The  equipment  necessary 
to  meet  the  requirements  of  each  consumer  will  be  found  to  have 
been  more  or  less  standardized  by  the  operating  company,  with 
such  modifications  in  particular  instances  as  are  necessary. 

The  variations  between  designs  are  due  in  general  to  dififerences 
in  the  capacities  of  the  installations,  the  equipment  installed,  the 
conditions  of  service,  and  the  voltages  at  which  the  substations 
are  supplied. 

The  problem  of  physical  design  very  often  presents  many  more 
difficulties,  particularly  the  disposition  of  the  electrical  equip- 
ment in  the  space  available.  The  four  factors  of:  (1)  space 
economy,  (2)  operating  reqmrements,  (3)  fire  hazard  and  safety 
to  attendants,  and  (4)  cost,  govern  in  most  cases  the  physical 
layout. 

Not  infrequently  a  decided  limitation  is  imposed  on  the 
physical  arrangement  by  the  very  cramped  quarters  allotted 
to  the  substation  equipment  by  the  consumer.  On  the  other 
hand,  the  erection  of  new  industrial  buildings  usually  allows 
space  sufficient  for  proper  design  of  the  substation.  In  the  matter 
of  the  design  of  industrial  buildings,  much  room  exists  at  the 
present  time  for  closer  co-operation  between  the  consumer  and 
the  central  station's  engineers,  to  the  consumer's  own  great 
advantage. 

Contrasts  are  evidenced  both  in  the  electrical  and  physical 
designs  of  industrial  substations  in  different  localities  in  this 
country,  but  are  no  more  marked  than  in  the  designs  of  generat- 
ing stations  and  substations.  It  is  proposed  later  herein  to  cite 
examples  of  industrial  substations  in  operation  in  different 
parts  of  the  country,  and  to  give  descriptions  of  certain  ones 
which  are  taken   as   typical. 
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For  ptirposes  of  further  analysis,  the  electrical  design  of  an 
industrial  substation  briefly  may  be  divided  into  the  following 
components:  (a)  the  incoming  feeders;  (b)  the  arrangement  of 
the  busbars  if  any  are  installed,  and  the  switching  equipment; 
(c)  the  transforming  equipment;  and,  finally,  (d)  the  distribu- 
tion system  of  the  consumer.  This  latter  is  very  often  left  to 
the  consumer  himself,  and  usually  is  given  little  attention  by  the 
central  station  engineers. 

Detailed  discussion  of  the  various  components  which  make  up 
the  electrical  equipment  of  an  industrial  substation  as  noted 
above,  need  not  be  taken  up  at  this  point,  but  rather  considera- 
tion will  be  given  to  them  as  they  are  instanced  in  the  following 
examples  of  typical  installations,  at  present  in  operation  in  this 
country. 

Plant  No.  1 

Silk  Manufacturing  Plant  Supplied  by  Two  Industrial  Sub- 
stations  Located  on  Premises.  Static  transformer  equipment 
only  is  installed,  totalling  1720  kw.  in  the  two  substations.  The 
load  is  of  very  constant  nature,  and  the  service  is  twenty-four 
hotirs  a  day,  seven  days  a  week  throughout  the  year.  No  regular 
attendant  is  required,  but  general  maintenance  is  provided  by 
consumer's  electricians. 

The  description  will  be  limited  to  the  more  recent  one  of  the 
two  substations,  which  is  a  fireproof  building,  10  ft.  (3,04  m.) 
wide  by  30  ft.  (9.14  m.)  long  by  10  ft.  6  in.  (3.19  m.)  high  at 
lowest  point,  of  brick  with  concrete;  one  side  adjoins  a  factory 
building.  Ample  provision  is  made  for  lighting  and  ventilation 
by  window  openings  (fire-resisting  glass)  and  by  natural-draft 
ventilators  in  the  roof. 

The  substation  is  supplied  at  2400  volts,  two-phase,  60  cycles, 
by  two  feeders,  both  entering  the  building  underground  from  over- 
head lines.  Lightning  arrester  protection  is  provided  by  electro- 
lytic lightning  arresters  connected  to  the  overhead  lines  and 
located  in  enclosures  at  the  base  of  the  terminal  poles. 

The  present  transformer  equipment  consists  of  two  banks  of 
oil-insulated  self-cooled  power  transformers  of  400  kw.  capacity 
each,  and  one  bank  of  lighting  transformers  of  60  kw.  capacity; 
making  a  total  of  860  kw.  capacity  in  this  substation. 

The  high-tension  switchboard  consists  of  four  panels,  control- 
ling two  incoming  feeders  and  two  transformer  banks.  Con- 
nections are  as  shown  in  Fig.  1  under  **  Transformer  House  No. 
2."  Automatic  hand-operated  oilbreak  switches  are  connected 
in  each  2400-volt  circuit  as  shown  in  the  diagram.  ^^^  ^  GoOqIc 
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All  metering  is  done  on  the  low-tension  side  of  the  step-down 
transformers  and  the  watt-hour  meters  are  connected  in  the 
individual  industrial  feeders.  The  power  feeders  are  240- volt, 
two-phase,  four-wire,  and  the  lighting  feeders  120/240-volt,  two- 
phase,  five-wire.  All  high-voltage  wnring  in  the  plant  is  placed 
out  of  reach  of  attendants  and  all  high-voltage  disconnecting 
switches,  busbars,  and  instrument  transformers  are  protected  by 
asbestos  lumber  barriers.  All  power  secondary  fuses  are  pro- 
tected by  asbestos  shields,  and 

all  lighting   secondary   fuses  i.,Mov.-i^«i~.«otii 

are  enclosed  in  iron  boxes. 

The  accompanying  illustra- 
tion (Fig.  2)  gives  a  general 
view  of  the  electrical  equip- 
ment. 

Plant  No.  2 

Grain  Elevator,  Substation 
Located  in  Specially  Designed 
Two-floor  Brick  and  Concrete 
Building,  This  substation  is 
supplied  by  13, 200- volt  three- 
phase  60-cycle  overhead  feed- 
er from  substation  of  central 
station  company. 

The  present  transforming 
equipment  consists  of  three 
200-kw.  oil-insulated  self- 
cooled  single-phase  trans- 
formers stepping  down  to  440 
volts  three-phase  three-wire, 
capacity  is  1200  kw.  in  two  banks 
shown  in  Fig.  3. 

Electrolytic  lightning  arrester  equipment  with  choke  coils  is 
installed  on  incoming  feeder  at  the  point  of  entrance  to  the  sub- 
station building.  This  feeder  is  taken  directly  to  the  two  auto- 
matic oil  switches  controlling  the  two  banks  of  step-down 
transformers. 

All  metering  is  done  by  watt-hour  meters  on  the  low-tension 
sides  of  the  transformers;  the  three- wattmeter  method  of  three- 
phase  energy  measurement  is  employed.  All  oil  switches  are  hand- 
operated,  and  the  electrical  design  is  essentially  one  of  simplicity. 

Provision  is  made  for  the  safety  of  the  operator  by  the  erection 
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Fig.  3 — Electrical  Connections 
OF  Plant  No.  2 


The  ultimate  total  transformer 
Electrical  connections  are  as 
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Fig.  2.— Plant  No.   1 
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Fig.  4. — Plant  No.  3 
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of  asbestos  lumber  barriers,  etc.,  enclosing  all  accessible  high- 
voltage  conductors  and  parts. 

The  character  of  the  load  is  irregular. 

Plant  No.  3 
Ship  and  Engine  Building  Plant,  Synchronous  Converter 
Substation  Located  in  Consumer's  Power  House,  The  substation 
equipment  consists  of  foiu*  300-kw.,  60-cycle  synchronous  con- 
verters, having  a  total  capacity  of  1200  kw.  and  supplying 
direct-current  energy  to  consumer  at  250  volts,  two-wire.  The 
substation  is  arranged  for  parallel  operation,  if  desired,  with  two 
engine-driven  direct-ciurent  generators  of  the  consumer.  The 
substation  is  supplied  by  two  6000- volt,  two-phase,  60-cycle 


•000  V.  t^-eois.mi, 


,.n  f 


»  V.  t0-«o'N.roii. 


(trip  oott> 

•-"•/•  con.  TRMWr.  ^       _ 
(W.HJi.)  .rf 

oatw.n 
MJTOfNO  voiT.  wf  tewiY 

fliruoM 

t-  •7,  <>»•■  OOOtCO-POT  TIUM«rt. 

r<M  nSTINO  HCTIM 

•••WATTt 


r|*-  *•>?  *•*  eOOttO  POT.  TIUNSP*. 

•t-  ^/nnm  coot.ro* POT.  tiumm*. 
(>aoT».  wo  voi.T»og  tutem  )  ^^  v..t<6-«>^Mi« 


y.  [*«.  POWCII  rucToii 

\    mo.  T«iP  coit] 

vVlTHtAO 

ym|iK».4  1 1MK.V. A. •«••>. 


A^     aAa     aAa     AAA    aAa  Oil,  INtuC.  MCP 

p-»  eooue  TMAiiar*. 

•  MO  V.-t  0-170/^  Vi40 
I  1000  A. -MOV. 
•'  i  POil  00UM.I  TMMOW 
I  OTAAT'O  tm.  OH  gW. 

\  too  K.W.   •O^.t^ 

Jmortmr  0ONvt«TCii 

!•«  V.O.C. 
ROT  ART  N0.1    NOTARY  no.t    ROTART  110.1    HOTARY  NO.* 


Fig.  5 — Electrical  Connections  of  Plant  No.  3 


feeders  brought  overhead  into  the  building  and  connected  to  a 
single  set  of  busbars. 

Electrolytic  lightning  arresters  and  choke  coils  are  installed 
on  each  feeder,  and  automatic  oilbreak  switches  are  provided 
for  each  feeder  and  each  synchronous  converter  circuit.  The 
feeder  oil  switches  have  a  '*  no- voltage  release  "  feature  in  addi- 
tion to  the  usual  overload  trip. 

All  energy  is  metered  by  watt-hour  meters  placed  on  the  two 
incoming  feeders.  All  high-tension  switching  equipment  and 
the  alternating-current  switchboard,  busbars  and  lightning 
arresters  are  located  on  a  gallery  along  one  side  of  the  building. 
The  oil-insulated  self-cooled  transformers  for  the  synchronous 
converters  are  located  underneath  the  gallery.  ^  i 
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A  general  view  of  the  plant  is  given tn  Fig.  4  and  single-line  dia- 
gram of  connections  in  Fig.  5.  Detail  connections  for  the  elec- 
trical equipment  are  shown  in  Fig.  6,  Interest  attaches  to  the 
sheet  metal  hoods  placed  over  the  transformer  banks  and  used 
for  purposes  of  fire  protection  and  ventilation. 

The  conditions  of  service  are  twenty-four  hoiu*s,  six  days  a 
week.  Attendance  is  by  the  regular  operating  force  employed 
by  the  consumer. 

Plant  No.  4 

Static  Transformer  Substation  {Fig.  7)  Supplying  Amusement 
Park  on  Outskirts  of  Metropolitan  District,  The  equipment  is 
located  in  a  small  brick  substation  building  on  the  park  grounds, 
and  consists  of  400  kw.  transformer  capacity  at  present  time, 
with  provision  for  doubling  this  capacity  when  required.  Trans- 
formation is  from  6000  volts,  two-phase,  60-cycles,  to  2400  volts, 
two-phase,  60-cycles.  Oil-insulated,  self -cooled  transformers  are 
used.  Energy  is  metered  on  the  low-tension  side  of  the  trans- 
formers. All  oil  switches  on  the  high-tension  side  are  non- 
automatic,  for  the  reason  that  there  is  no  regular  attendant  and 
further  that  the  feeder  which  supplies  the  substation  is  brought 
directly  from  a  central  station  substation  where  the  feeder 
switches  are  automatic.  Electrolytic  lightning  arrester  equip- 
ment is  installed  at  both  ends  of  the  feeder. 

The  character  of  the  load  is  a  summer  park  load  of  motors 
and  lighting. 

Plant  No.  5 

Synchronous  Converter  Substation  in  Car  Manufacturing  Plant, 
This  is  supplied  at  13,200  volts,  three-phase,  60-cycles,  by  two 
underground  feeders  from  a  central  station  substation. 

The  initial  equipment  consists  of  two  300-kw.,  six-phase, 
250-volt,  direct-current  compotmd  wound  synchronous  con- 
verters with  necessary  banks  of  single-phase  oil-insulated  self- 
cooled  "  step-down  "  transformers.  The  ultimate  converter 
capacity  is  1600  kw.  in  fotir  units.  A  single  set  of  high-tension 
busbars  is  provided,  and  the  entire  high-tension  switching 
equipment  is  electrically  remote-controlled.  Also,  a  high-voltage 
service  is  taken  off  the  busbars  to  additional  transformers  for 
fire  ptunp  motor.  Watt-hour  meters  are  connected  on  the  13,200- 
volt  incoming  feeders. 

A  specially  designed  two-story  substation  building  houses  all 
the  apparatus.    The  building  is  entirely  inside  the  walls  of  the 
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industrial  plant,  but  is  separated  from  it  by  suitable  fire-proof 
walls.  The  static  transformers  and  high-voltage  equipment  are 
located  on  the  second  floor;  the  synchronous  converters,  the 
direct-current  switchboard  and  the  remote  control  board  for 
the  high-voltage  oil-break  switches  are  placed  on  the  first  floor. 

The  plant  operates  in  parallel  with  an  existing  direct-current 
steam-driven  plant. 

An  interesting  point  in  con- 
nection with  the  consumer's  dis- 
tribution system  is  the  provision 
for  electrical  remote  control  of 
the  250-volt  direct-current  sup- 
ply switches  which  are  located 
in  various  parts  of  the  manu- 
facturing plant.  These  separate 
services  are  tapped  to  heavy 
capacity  feeders,  arranged  in  a 
ring  system,  and  the  service 
switches  are  controlled  from  the 
industrial  substation. 

The  character  of  service  at 
this  plant  is  ten  hours  per  day, 
six  days  per  week,  and  the 
attendance  is  supplied  by  the 
consumer. 

Fig.  8  shows  elevation  of  the 
substation  and  illustrates  the 
general  arrangement  of  the  elec- 
trical equipment. 


Fig. 


8 — Sectional  View  of 
Plant  No.  5 


Plant  No.  6 

Static  Transformer  Industrial 
Substation  of  Paper  Manufactur- 
ing Plant.  Current  is  supplied  at  6600  volts  three-phase  by  two 
incoming  feeders,  one  of  them  brought  directly  from  generating 
station  and  the  other  from  a  substation. 

The  transforming  equipment  consists  of  six  150-kw.,  6600/440- 
volt,  single-phase  power  transformers,  arranged  in  two  banks  of 
three  transformers  each,  giving  a  total  connected  capacity  of 
900  kw. 

The  feeders  are  taken  through  automatic  oil-break  switches 
to  a  single  set  of  busbars  connected  to  a  line  containing  current 
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Fig.  9a. — Plant  No.  6 
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transfonners  used  in  connection  with  totalizing  instruments 
and  meters.  This  line  extends  to  another  bus  from  which  is 
tapped,  through  automatic  oil-break  switches,  the  circuits  which 
supply  the  two  step-down  transformer  banks.    All  metering  is 
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Fig.  9 — Electrical  Connections  of  Plant  No.  6 


done  at  6600  volts  three-phase,  as  indicated  above,  and  the  two- 
wattmeter  method  of  three-phase  energy  measurement  is 
employed. 

The  consumer's  load  is  supplied  at  440  volts  three-phase  taken 
from  the  low-tension  side  of  the  power  transformers. 
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The  arrangement  of  both  high-tension  and  low-tension  con- 
nections in  the  substation  offers  many  points  of  interest,  and,  in 
particular,  the  grouping  of  the  six  440-volt,  three-phase  feeders 
is  to  be  noted. 

Fig.  9  gives  single-line  diagram  of  substation  connections. 
Fig.  9a  shows  interior  view  of  substation  building  and  equip- 
ment, and  Fig.  96  is  a  detail  illustration  of  the  apparatus  and 
wiring  at  rear  of  6600- volt  switchboard.  Attention  is  called 
to  the  special  form  of  porcelain  fuse  holder  for  high-voltage 
fuses  on  the  potential  transformers  seen  at  top  of  switchboard  in 
Fig.  9a.  This  fuse  holder  covers  all  live  metal  parts  of  the 
fuse  clips,  and  so  assures  protection  to  the  substation  attendants. 

Plant  No.  7 

Synchronous  Converter  Industrial  Substation  of  Type  Manu- 
facturing Plant,  This  is  supplied  with  6600-volt,  three-pfiase 
current  through  two  incoming  feeders. 

Transforming  equipment  consists  of  two  500-kw.  synchronous 
converters  delivering  direct-current  energy  at  240  volts  three- 
wire  to  the  manufacturing  plant,  and,  in  addition,  two  90-kw. 
balancers.  Total  transforming  capacity,  1000  kw.  Number  of 
direct-ctirrent  feeders,  six.  Fig.  9c  gives  a  general  view  of  the 
substation  apparatus  installed  in  this  plant. 

Plant  No.  8 

Static  Transformer  Industrial  Substation  of  Manufacturer  of 
Rubber  Goods.  These  goods  are  for  the  general  trade,  and  include 
practically  everything  from  belting  and  automobile  tires  down  to 
the  finest  footwear  and  office  supplies.  The  load  at  present  is 
1000  kw.  Steady  increase  points  to  2000  kw.  within  another 
year.    The  working  schedule  is  54  hours  per  week. 

The  consumer  built  his  own  substation  and  purchased  all  of 
the  transforming  apparatus,  taking  current  under  a  high-tension 
contract.  The  operating  company  furnished  the  switch  cells 
and  switching  equipment  for  the  incoming  lines,  and  also  pro- 
vided suitable  metering  apparatus,  but,  further  than  this,  has 
no  connection  with  the  consumer's  substation. 

Energy  is  supplied  by  two  13,200-volt,  60-cycle,  three-phase 
feeders  brought  to  a  single  set  of  busbars  through  automatic 
oil-break  switches  (see  Fig.  10).  An  electrolytic  lightning 
arrester  equipment  is  connected  to  the  busbars  through  discon* 
necting    switches.  Potential    transformers    and    totalizing 
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ctirrent|transformers  are  connected  in  the  busbars  and  operate 
totalizing  instruments  and  watt-hour  meters,  the  two-wattmeter 
method    being    employed. 

Pig.  11  gives  a  sectional  view  of  the  high-tension  switch  and 
busbar  structure,  and  indicates  the  location  of  the  aliuninum  cell 
lightning  arrester  equipment.  Attention  is  called  to  the  single 
concrete  wall  erected  parallel  to  the  wall  of  the  building  and 
furnishing  the  main  support  of  the  construction  indicated. 

The  transforming  equipment  consists  of  single-phase,  oil- 
insulated,  self-cooled  power  transformers,  of  which  one  bank 
of  three  transformers  is  installed  at  the  present  time. 
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Pig.  10 — Electrical  Connections  to  Plant  No.  8 


Fig.  11a  shows  the  general  arrangement  of  the  high-tension 
and  low-tension  switchboards,  together  with  the  transforming 
apparatus. 

Plant  No.  9 

Industrial  SubsUUion  Supplying  Grain  Elevator  Equipment 
and  Other  Electrical  Energy  Required  on  Docks  of  Railroad  Com- 
pany. The  total  installation  aggregates  nearly  3000  kw.,  of 
which  approximately  600  kw.  is  maintained  exclusively  for 
fire  pumping  purposes.  In  general,  the  equipment  is  for  the 
operation  of  the  grain  elevator  apparatus  used  in  loading  and 
unloading  cars  and  for  general  lighting  arotmd  the  docks. 

So  far,  the  operating  company  has  not  had  a  demand  in  excess 
of  600  kw.,  and  the  hours  of  service  are  entirely  dependent  upon 
the  hours  of  arrivals  and  departures  of  vessels  and  trains.    The 
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railroad  company  provided  the  substation  building  and  operates 
the  station  exactly  as  though  it  was  an  isolated  plant. 

The  substation  is  supplied  by  three  6900-volt,  three-phase 
incoming  feeders,  two  of  which  constitute  a  loop  into  and  out 
of  the  station.    The  loop  may  be  closed  or  broken  independently 


of  the  consumer's  busbar  by  an  oil-break  switch  connected 
ahead  of  the  line-disconnecting  switches  of  the  two  feeders. 
Three-phase,  oil-insulated,  self -cooled  transformers  are  used 
in  this  station  for  power  service,  and  single-phase,  oil-insulated, 
self -cooled  transformers  for  lighting.  Fig.  116  shows  the  exterior 
of  the  substation  building,  and  Fig.  lie  gives  a  general  view  of 
the  interior. 
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Fig.   11a.— Plant  No.  8 
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Fig.  14. — Plant  No.  12 
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Plant  No.  10 

Industrial  Substation  Comprising  Vehicle-Charging  Equip- 
ment in  a  City  Garage,  The  equipment  consists  of  one  three- 
unit  motor-generator  set  and  three-panel  control  board,  as 
shown  in  Fig.  12.  The  motor-generator  set  consists  of  one 
145-kw.,  120-volt,  and  one  45-kw.,  80-volt  compound-wound 
direct-current  generator,  direct-connected  to  a  285-h.p.,  4150- 
volt,  three-phase,  60-cycle,  900  rev.  per  min.  synchronous  motor, 
with  a  5-kw.,  125-volt,  direct-connected  exciter. 

The  switchboard  equipment  of  the  substation  includes  an  auto- 
matic regulator  used  in  connection  with  the  synchronous  motor 
and  employed  in  order  to  maintain  constant  line  potential. 

The  substation  is  supplied  by  a  4150-volt,  three-phase,  60- 
cycle  incoming  line,  feeding  directly  to  the  synchronous  motor 
through  the  necessary  automatic  oil-break  switches  and  starting 
compensators. 

In  order  to  prevent  the  charging  set  taking  energy  from  the 
truck  batteries,  should  the  alternating-current  supply  be  in- 
terrupted, the  generators  are  equipped  with  reverse  current 
relays,  set  to  operate  the  direct-current  circuit  breakers  on 
four  per  cent  reverse  current. 

Plant  No.  11 

Industrial  Substation  for  Cold  Storage  Plant.  The  equipment 
consists  of  a  three-unit  motor-generator  set  embodying  one 
90-kw.,  250- volt  and  one  25-kw.,  250- volt  shunt-wound,  direct- 
current  generator,  direct-connected  to  a  210-kv-a.,  three-phase, 
60-cycle,  4150-volt  synchronous  motor  with  a  5-kw.,  125-volt 
exciter  mounted  directly  on  the  end  of  the  shaft. 

The  substation  is  supplied  by  one  4150-volt  incoming  feeder 
on  which  are  installed  electrolytic  lightning  arresters  and  choke 
coils.  The  feeder  is  taken  directly  to  the  synchronous  motor 
through  the  necessary  automatic  oil-break  switches  and  a  three- 
phase  starting  compensator  for  the  motor.  The  motor  is 
equipped  with  an  automatic  voltage  regulator  in  order  to  insure 
constant  line  potential. 

In  this  installation  it  has  been  deemed  advisable  to  protect 
the  direct-current  generator  circuits  by  fuses  only,  instead  of 
by  the  usual  automatic  overload  circuit  breakers. 

The  attendance  at  the  plant  is  good  and,  while  the  voltage 
regulator  has  given  some  trouble,  the  operation  of  the  plant  is 
satisfactory.  The  load  for  this  class  of  refrigerating  service  is 
very  constant  throughout  the  twenty-four  hours.     ^       GoOqIc 
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Fig.  13  shows  the  switchboard  at  this  plant,  and  one  end  of 
the  motor-generator  set,  and  indicates  the  extreme  simplicity 
of  the  electrical  equipment  installed. 

Plant  No.  12 
Combination    of   Synchronous    Motor   Pumping    Station   and 
Small  Synchronous   Converter  Substation:    Shown  in   Fig.   14. 
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Pig.  15 — Detail  Electrical  Connections  for  Plant  No.  12 


This  equipment  consists  of  a  600-h.p.  ptmip  motor  (6,000,000- 
gallon  high-eflSciency  pump)  and  a  200-kw.  600-volt  railway 
synchronous  converter  which  feeds  a  suburban  trolley  line. 
The  total  capacity  is  approximately  700  kw.  Current  is  sup- 
plied at  11,000  volts,  three-phase,  25-cycles,  on  one  incoming 
feeder  entering  the  substation  overhead.    The  feeder  is  taken 
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through  an  oil-break  switch,  equipped  with  no-voltage  release, 
directly  to  a  bank  of  three  single-phase  step-down  transformers 
which  on  the  low-tension  side  (368  volts)  supply  both  the  600- 
h.p.,  three-phase  motor  and  the  200-kw.,  three-phase  syn- 
chronous converter. 

Both  motor  and  converter  are  alternating-current  starting, 
from  reduced  voltage  taps  on  the  transformers.  A  spare  trans- 
former unit  is  maintained  in  readiness  for  emergency  service. 
Under  agreement  between  the  operating  company  and  the  con- 
sumer, the  operation  of  the  synchronous  converter  is  attended 
to  by  the  consumer. 

The  accompanying  diagram.  Fig.  15,  gives  the  detail  connec- 
tions of  the  substation  equipment. 

*         *         «         « 

In  the  descriptions  of  industrial  substations  given  above, 
attention  has  been  called  particularly  to  the  more  important 
characteristics  of  design  and  general  construction.  At  this 
point  it  will  be  interesting  to  undertake  further  analysis  of  those 
details  which  have  a  direct  bearing  upon  the  factors  to  which 
attention  has  already  been  called  in  the  early  part  of  the  paper. 

These  factors  may  be  enumerated  again:  (1)  Space  economy; 
(2)  Operating  requirements;  (3)  Fire  hazard  and  safety  to  attend- 
ants;   and  (4)  Cost. 

1.  Space  Economy,  In  all  instances  this  factor  should  be 
given  careful  consideration.  Especially  is  this  true  when  the 
equipment  is  to  be  installed  in  an  already  existing  factory  build- 
ing, where  the  consiuner  has  allotted  all  the  space  available, 
and  this  space  permits  no  latitude  in  the  arrangement  of  equip- 
ment. 

Plant  No.  3,  a  synchronous  converter  substation  of  four 300- 
kw.  units,  is  a  striking  example  of  the  economy  which  has  been 
effected  in  this  particular.  The  space  provided  for  the  equipment 
was  one  comer  of  an  existing  engine  room  which  already  con- 
tained several  engine-driven  generators,  a  heavy-duty  air  com- 
pressor, and  other  miscellaneous  power  plant  auxiliaries. 
The  floor  area  allotted  to  the  substation  equipment  measures 
approximately  30  ft.  by  30  ft.  (9.14  by  9.14  m.).  The  height 
of  the  engine  room  permitted  the  construction  of  a  short  gallery 
upon  which  was  placed  all  high-tension  switching  and  protective 
apparatus.  This  arrangement,  while  it  might  not  have  been 
selected  had  a  new  substation  building  been  erected,  neverthe- 
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less  made  possible  the  installation  of  all  apparatus  without 
necessitating  any  changes  in  the  building  construction. 

Again,  Plant  No.  1,  which  is  a  static  transformer  substation, 
illustrates  very  clearly  the  great  economies  of  space  to  be  effected 
by  proper  arrangement  of  the  switching  and  transforming 
equipment,  without  impairing,  in  any  way,  the  efficiency  of  the 
design. 

Plant  No.  10  is  also  an  illustration  of  an  exceedingly  compact 
arrangement  of  electrical  apparatus.  In  this  installation  a  285- 
h.p.  motor-generator  set  and  the  control  switchboard  are  placed 
close  to  the  wall  of  the  building.  No  additional  housing  was 
provided  in  this  instance,  thereby  securing  a  limited  floor  area 
for  the  installation. 

2.  Operating  Requirements,  The  conditions  under  which 
the  various  equipments  of  substations  operate  are  often  radi- 
cally different,  due  to  the  requirements  of  the  consumer. 
Carefid  consideration  should  be  given  this  point. 

One  of  the  important  features  relating  directly  to  this  question 
IS  the  duration  of  continuous  service,  which  may  vary  from  a 
few  hours  per  day  to  a  practically  continuous  supply.  As  due 
provision  must  be  made  for  inspection  and  repairs,  it  is  quite 
evident  that,  in  the  case  of  continuous  operation,  attention  mtist 
be  given  to  the  proper  sectionalization  of  the  apparatus  and 
duplication  of  equipment.  This  is  indicated  in  the  design  of 
Plant  No.  1,  Fig.  1.  In  this  case,  each  individual  circuit  con- 
trolling the  incoming  feeders  and  transformer  banks  is  provided 
with  disconnecting  switches. 

As  previously  noted,  this  plant  operates  almost  continuously, 
and  such  an  arrangement  permits  of  a  ready  examination  of  the 
operating  equipment  during  light  loads,  without  necessitating 
the  interruption  of  the  consumer's  service.  This  type  of  con- 
struction further  permits  a  comparatively  simple  installation, 
and  obviates  the  necessity  of  a  duplicate  set  of  busbars  and  oil- 
break  switch  equipment. 

In  contradistinction  to  this  lay-out.  Plant  No.  2,  Fig.  3, 
supplying  a  very  intermittent  service,  is  arranged  without  any 
means  for  sectionalization.  Provision  is  made  only  for  dis- 
connecting the  single  incoming  high- voltage  feeder  from  the  sub- 
station equipment. 

Another  point  to  be  considered  in  connection  with  this  ques- 
tion is  the  operating  attention  which  will  be  given  the  installation, 
either  by  the  consumer  c»*  the  central  station  company. 

Digitized  by  VjOOQIC 


1013]  LIVERSIDGE:  INDUSTRIAL  SUBSTATIONS  1973 

In  most  cases,  however,  it  is  the  desire  of  the  consumer  to 
supervise  the  operation  of  his  equipment,  and  as  a  rule  this 
plan  is  productive  of  satisfactory  results. 

It  is  evident,  therefore,  that  any  complications  in  switching 
equipment  and  control  apparatus  should  be  studiously  avoided. 

3.  Fire  Hazard  and  Safety  to  Attendants.  In  connection  with 
this  feature,  it  is  interesting  to  note  the  tendency  toward  partic- 
ular care  in  construction  details  as  they  relate  directly  to  this 
subject. 

Where  substation  apparatus  is  to  be  installed  in  existing  indust- 
rial plants,  a  considerable  amount  of  reconstruction  is  sometimes 
advisable.  In  many  cases,  the  floors  and  ceilings  of  the  industrial 
buildings  are  wood.  These  should  be  made  fireproof.  The 
usual  building  alterations  consist  of  the  changing  to  concrete 
flooring  and  metal-lined  or  asbestos-covered  ceilings. 

In  oil-cooled  transformer  installations,  special  arrangements 
are  necessary  for  properly  draining  the  contained  oil  from  the 
transformer  cases.  This  is  accomplished  either  by  pipes  con- 
nected directly  to  the  transformers  or  by  concrete  drains  built 
in  the  transformer  foundations  and  connected  to  a  conunon 
outlet. 

An  interesting  example  of  this  latter  type  of  construction  is 
noted  in  Plant  No.  5,  Fig.  8.  In  this  installation,  the  transformer 
batiks  are  placed  on  a  concrete  base  so  constructed  as  to  provide 
a  very  effectual  drainage  system  for  the  entire  equipment. 

The  enclosing  of  high- voltage  switchboard  equipment  to  secure 
the  maximum  of  safety  to  attendants  is  plainly  evidenced  in  the 
plant  designs  to  which  attention  has  been  called.  Asbestos  lumber 
doors  and  partitions  form  the  more  important  part  of  this  detail 
in  construction.  Besides  serving  as  a  protection  from  accidental 
contact  with  high-voltage  circuits,  these  partitions  in  many 
cases  are  excellent  barriers  for  protection  from  fire. 

Plants  No.  1,  Fig.  2,  No.  3,  Fig.  4,  and  No.  8,  Fig.  11,  may  be 
cited  as  typifying  this  feature  of  construction.  A  particularly 
interesting  example  may  be  noted  in  Plant  No.  1,  Fig.  2,  where 
the  high-voltage  equipment  is  entirely  enclosed  and  cannot 
be  reached  except  by  the  opening  of  the  several  doors  composing 
the  enclosing  partitions. 

4.  Cost.  Not  infrequently  the  central  station  engineer  is  limited 
to  a  certain  minimum  expenditure  imposed  by  the  prospective 
constmier,  and  which  in  most  cases  affects  the  electrical  equip- 
ment under  consideration.    It  is  evident  that  this  limitation  may 
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affect  materially  the  character  of  the  installation;  and  partic- 
ularly will  this  be  evidenced  in  the  switchboard  and  controlling 
equipment.  The  changes  in  this  part  of  the  construction  are 
most  apparent  in  the  details  of  control  equipment,  namely,  the 
type  of  switchboard,  whether  marble,  slate  or  open  iron  frame; 
the  ntunber  and  type  of  instruments  on  the  individual  circuits, 
and  the  character  of  busbar  construction. 

These  details  in  many  cases  are  closely  related  to,  and  in- 
fluenced by,  the  factors  already  noted. 

Nevertheless,  there  are  many  points  in  the  design,  as  above 
mentioned,  that  will  be  directly  influenced  by  the  question  of 
construction  cost. 

Conclusion.  In  the  present  paper,  all  detailed  references  to 
costs,  and  to  the  economic  questions  involved  in  the  subject  of 
industrial  substations,  have  been  purposely  omitted.  Further- 
more, in  the  discussion  of  the  plants  presented  the  writer  has 
refrained  from  all  criticism  which  relates  to  the  question  of 
efficiency  in  station  design. 

The  attempt  has  been  made,  rather,  to  emphasize  how  well 
the  engineering  design  and  installation  of  substations  located  in 
consumers'  premises,  and  receiving  electrical  energy  from  a 
central  station  system,  meet  the  most  varied  and  exacting  re- 
quirements of  the  industrial  consumer. 

«         «         « 

The  writer  wishes  to  take  this  opportunity  to  express  his 
appreciation  of  the  courtesies  shown  by  the  engineering  depart- 
ments of  the  Commonwealth  Edison  Company,  the  Edison 
Electric  Illuminating  Company  of  Boston,  the  Edison  Electric 
Illuminating  Company  of  Brooklyn,  the  Rochester  Railway  & 
Light  Company,  and  the  Philadelphia  Electric  Company;  also 
to  acknowledge  the  able  assistance  of  Mr.  Charles  Penrose  and 
Mr.  H.  C.  Albrecht,  both  of  the  engineering  department  of  the 
Philadelphia  Electric  Company,  in  the  compilation  of  the  paper. 
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Discussion    on    "Industrial    Substations"    (Liversidge), 
Philadelphia,  Pa.,  October  13,   1913. 

W.  C.  L.  Elgin:  I  think  Mr.  Liversidge  has  covered 
many  of  the  important  points  in  relation  to  substation  design, 
but  I  have  gained  the  impression  that  he  has  paid  too  much  at- 
tention to  the  question  of  space  economy.  Although  the  size 
of  the  apparatus  readily  lends  itself  in  that  direction,  I  think 
there  are  many  bad  designs  because  too  much  attention  has  been 
paid  to  obtaining  the  smallest  possible  space  for  the  apparatus. 

I  know  of  three  substations  designed  for  2000  kw.  each; 
and  in  examining  them,  I  was  impressed  with  the  fact  that  the 
principal  and  only  question  considered,  was  apparently  to  find 
a  place  for  each  piece  of  apparatus  and  then  to  build  a  wall 
around  it.  These  substations  were  only  about  20  feet  square; 
and  after  installing  the  apparatus  there  was  no  room  for  making 
repairs.  In  order  properly  to  inspect  any  part  of  the  plant 
that  might  become  defective,  it  was  necessary  to  go  outside  of 
the  building,  and  look  into  the  substation  tlurough  a  window. 
For  this  reason,  these  substations  had  to  be   abandoned. 

I  think  the  pictures  showed  that  where  there  was  rotating 
apparatus,  reasonable  space  was  allowed,  but  that  the  space 
was  smaller  where  merely  static  apparatus  was  installed.  In 
the  static  substation  of  4000  kw.  the  entire  apparatus  was 
installed  in  a  space  30  feet  by  10  feet.  That  space,  of  course,  was 
ridiculously  small.  In  the  next  two  or  three  years,  I  think  you 
will  find  that  this  substation  will  have  to  be  enlarged  or  other- 
wise altered. 

The  cost  of  the  building  is  relatively  small  in  comparison 
with  the  importance  of  the  reliability  of  service  and  also  with  the 
total  cost  of  the  service.  The  real  estate  and  building  costs 
are  practically  small  items. 

One  other  point  in  the  paper  is  that  of  enclosing  all  the  ap- 
paratus, especially  the  high-tension  apparatus.  I  think  it  should 
not  be  endosed  completely,  but  that  partitions,  some  of  which 
may  be  made  of  glass,  should  be  placed  around  it;  or  an  open 
space  should  be  provided,  of  a  size  sufficiently  large  to  permit 
of  an  examination  of  the  apparatus,  but  small  enough  to  prevent 
the  operator  inserting  his  hands,  and  making  accidental  contact. 
Another  advantage  of  this  is  that  you  can  locate  any  trouble  in 
the  particular  compartment  in  which  it  occurs;  but  if  completely 
enclosed,  the  smoke  will  travel  from  one  place  to  another. 

There  was  another  point  of  which  Mr.  Liversidge  did  not 
speak,  and  that  is  the  danger,  in  these  cases,  from  water.  It 
seems  to  me  that  substation  apparatus  should  be  so  designed 
that  it  would  operate  even  if  completely  immersed  in  water. 
There  has  always  been  a  great  objection  to  having  water  around 
an  electrical  installation.  I  know  of  a  case  where  a  2400-kw. 
substation  was  partially  submerged  for  twenty-four  hours  and 
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continued  in  operation  diiring  this  entire  time.  That  is  an 
accomplished  fact;  and  we  now  know  that  we  can  operate  under 
these  conditions. 

I  wish  to  make  a  plea  for  more  space  in  substations,  instead 
of  space  economy. 

P.  M.  Lincoln:  Mr.  Chairman,  I  have  not  much  to  offer,  but 
I  wish  to  commend  the  careful  thought  given  in  Mr.  Liversidge's 
paper  to  this  question  of  substations  and  their  design.  There 
has  been  a  great  deal  of  thought  given  in  the  past  to  power 
stations,  but  substations  and  the  use  of  the  power  therein  have 
been  more  or  less  neglected.  The  substations  of  the  past  have 
partaken  somewhat  of  the  nature  of  "Topsy" — ^they  just  grew. 
I  think  we  are  to  be  congratulated  in  having  someone  Uke  Mr. 
Liversidge,  who  has  given  careful  attention  to  this  subject,  give 
us  the  resiilts  of  his  study  in  a  carefully  prepared  paper  such  as 
this. 

Mr.  Liversidge  said  the  three-wattmeter  method  was  used  in 
some  stations  and  the  two-wattmeter  in  others.    Why  is  that? 

What  is  the  method  for  measuring  the  maximum  demands? 
Has  the  maximum  demand  method  of  charging  come  into  gen- 
eral use? 

Those  are  some  of  the  questions  which  occur  to  me  at  this 
time  in  connection  with  Mr.  Liversidge's  paper. 

John  Mathews:  I  have  noticed  that  in  many  of  the  cases 
which  Mr.  Liversidge  cited,  they  use  single-phase  transformers 
rather  than  the  polyphase  units.  The  cost  of  the  polyphase 
is  less  than  the  cost  of  the  single-phase  unit  and  the  space  oc- 
cupied may  be  less. 

Were  there  any  other  features  which  made  the  decision  in 
favor  of  the  single-phase  unit? 

G.  W.  Brooks:  I  note  in  Mr.  Liversidge's  paper  that  in  the 
majority  of  cases  installations  include  two  banks  of  transformers, 
one  of  these  being  spare.  It  would  seem  that  this  is  a  greater 
expense  than  necessary,  as  reliable  service  can  be  secured  by 
the  installation  of  four  single-phase  transformers,  one  trans- 
former to  be  held  as  spare.  This  saves  the  cost  of  two  complete 
transformers. 

In  metering  power  when  service  is  given  through  two  incom- 
ing feeders,  is  it  not  practical  to  install  current  transformers 
in  each  of  the  two  incoming  lines  and  connect  these  trans- 
formers in  multiple  to  the  same  watt-hour  meter? 

Is  it  considered  desirable  to  install  overload  relays  on  each 
incoming  line  feeder  where  reverse  energy  relays  are  used  and 
protection  is  secured  by  overload  relays  on  oil  switches  serving 
apparatus  connected  to  substation  bus? 

W.  C.  L.  Eglin:  Thinking  over  some  of  the  remarks  I  made 
earlier  this  afternoon  I  thought  I  might  possibly  have  given  the 
impression  that  I  was  criticising  that  portion  of  Mr.  Liversidge's 
paper  regarding  space  economy.  What  I  wanted  to  say  when 
I  made  my  statements,  was  that  the  apparatus  lends  itself  to 
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Space  reduction  so  well,  that  that  feature  is  generally  abused 
and  the  space  cut  down  very  much  below  reasonable  limits. 

P.  V.  Stephens:  This  paper  is  one  of  great  interest  to  design- 
ing engineers,  and  there  is  one  point  not  strongly  emphasized 
in  comparison  with  these  other  points  which  have  been  enum- 
erated. That  is,  that  in  addition  to  the  space  and  the  general 
design,  etc.,  the  controlling  idea  in  the  design  of  the  sub- 
station, especially  the  industrial  substation,  should  be  the  con- 
tinuity of  the  service  that  is  to  be  supplied.  In  other  words, 
in  larger  installations  you  will  find  that  this  is  of  prime  import- 
ance, and  it  is  one  of  the  reasons  why  a  great  many  of  the  com- 
panies prefer  to  have  their  own  power  and  pay  more  for  it,  than 
to  run  the  risk  of  being  shut  down  because  they  are  depending 
on  one  or  two  feeders. 

If  you  will  present  to  them  a  lay-out  which  will  guarantee 
a  continuity  of  Service  you  will  go  a  long  way  toward  getting 
them  to  use  central  station  service.  One  way  is  to  have  as 
many  sources  of  supply  as  possible.  Have  at  least  two  feeders 
from  the  company's  power  station  to  the  users,  and  a  two- 
bus  substation  system  has  many  advantages.  By  providing 
two-way  switches  on  the  feeders  you  can  switch  on  to  either  bus. 
This  gives  a  flexible  arrangement  and  greatly  decreases  the 
possibility  of  a  shut-down,  thereby  providing  a  continuity  of 
service  which  is  a  very  important  factor  in  supplying  power  to 
industrial  plants  and  .especially  very  large  plants. 

For  instance,  in  the  case  of  a  ship-repair  plant  where  a  great 
ship  is  on  the  dock  to  be  repaired,  and  there  are  heavy  overhead 
and  docking  expenses  all  the  time  the  ship  is  in  dry-dock  (and 
to  this  expense  must  be  added  the  loss  of  business),  a  condition 
often  necessitating  a  day-and-night  job,  you  can  readily  im- 
agine what  the  cost  must  be  in  the  case  of  unnecessary  delay 
on  an  important  ship  where  the  steamship  company  is  deprived 
of  its  service.  You  cannot  then  afford  to  have  a  shut-down; 
and  it  was  on  such  a  proposition  in  Brooklyn,  New  York,  where 
I  had  to  design  an  electrical  installation  of  that  kind,  that  it  was 
necessary  for  us  to  give  them  a  positive  guaranty  of  no  shut- 
down on  their  extensive  equipment,  and  for  the  last  six  years 
they  have  run  continuously  without  losing  a  day  or  night  on 
an  equipment  of  3600  h.p.  in  electric  motors.  But  they  would 
have  had  trouble  on  four  different  occasions  due  to  carelessness 
or  accidents,  if  I  had  not  had  the  two-feeder,  two-bus  system  in 
operation. 

Charles  Penrose:  In  further  extension  of  the  remarks  of  the 
previous  speaker  I  ask  Mr.  Liversidge  whether  in  the  design  of  such 
substations  use  cannot  be  made  of  bus-sectionalizing  switches 
on  single-bus  systems  in  order  to  insure  continuity  of  service, 
rather  than  the  necessity  of  a  double-bus  system  such  as  has  been 
suggested  by  the  immediately  preceding  questioner?  For  these 
reasons:  the  double-bus  lay-out  incurs  double  initial  expense, 
which  is  undesirable  from  the  point  of  view  of  investment,  re- 
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quires  increased  upkeep  and  adds  to  the  complexity  of  operation. 
The  latter  is  one  of  the  important  points  which  Mr.  Liversidge 
has  tried  to  bring  out  in  his  paper  this  afternoon,  namely,  the 
desirability  of  freedom  from  those  complexities  which  may  spell 
"trouble"  in  the  operation  of  the  substation. 

In  regard  to  the  particular  interest  which  Mr.  Liversidge's 
paper  has  had,  at  least  for  me,  I  would  say  that  it  was  my  good 
fortime  in  connection  with  Mr.  Albrecht  to  be  asked  by  Mr. 
Liversidge  to  assist  in  a  small  way  in  the  preparation  of  the  paper, 
and  that  it  has  occurred  to  me  more  than  once  what  great  wealth 
of  material  for  a  paper  is  offered  at  this  time  by  the  industrial 
substations  already  in  service  in  this  country.  Mr.  Liversidge, 
because  of  the  limitation  of  space  and  time,  had  to  restrict  his 
remarks  to  some  12  stations,  which  are  in  operation  in  different 
American  cities. 

The  possibilities  that  are  open  for  further  investigation  of 
industrial  substations  throughout  the  country  are  almost  limit- 
less, even  if  consideration  is  given  only  to  the  larger  installations. 
The  engineering  characteristics  of  industrial  substations  have 
reached  the  point  where  the  proper  design  of  these  plants  is 
comparable  to  the  design  which  enters  into  the  installation  of 
large  central  station  substations. 

But  Mr.  Liversidge  has  drawn  clearly  the  line  of  demarcation 
between  what  apparatus  should  be  installed  in  industrial  sub- 
stations, and  what  apparatus  may  not  be  permitted  because  of 
lack  of  space  and  complexity  of  arrangement. 

A  contrast  of  the  12  substations  which  were  discussed  shows 
many  points  of  difference  in  the  voltages,  phase  and  frequencies 
of  the  sources  of  supply.  The  several  plants  included  static, 
synchronous  converter,  or  a  combination  of  both  kinds  of  equip- 
ment. All  of  these  points  could  only  be  dwelt  upon  fully  in  a 
very    long   paper. 

The  point  I  want  to  bring  out  is  that  the  subject  is  one  of 
very  great  importance  due  to  the  tremendous  development 
we  now  have  in  electrical  installations  in  consumers'  premises, 
where,  as  I  have  already  said,  you  may  have  a  substation  whose 
equipment  is  comparable  in  many  cases  to  that  of  the  largest 
substations  in  those  of  the  larger  central  station  systems. 

Harold  Goodwin,  Jn:  The  previous  speakers  have  laid 
emphasis  on  the  question  of  continuity  of  service,  particularly 
with  regard  to  emergency  services.  Yet  I  should  not  like  this 
discussion  to  go  down  as  unqualified  endorsement  of  emergency 
services.  It  may  be  necessary  in  some  cases,  but  in  other  cases 
the  expense  might  not  be  warranted.  Even  if  the  central 
station  puts  it  in,  the  consumer  has  to  pay  for  it  in  the  end,  and 
this  militates  against  low  rates. 

The  necessity  for  emergency  service  depends  largely  on  the  value 
of  continuity  of  service.  No  one  has  been  able  to  evaluate  this, 
but  the  ratio  of  cost  of  current  to  total  operating  expenses  has 
bee  n  found  a  fair  indicator  of  it.     It  would  be  interesting  if  this 
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ratio  could  be  added  to  the  data  on  each  plant  mentioned  in 
the  paper. 

H.  P,  Liversidge:  In  reply  to  the  points  brought  out  by  Mr. 
Eglin  relating  particularly  to  the  subject  of  space  economy, 
I  would  say  that  I  thoroughly  agree  with  him  in  the  matter  of 
greater  space  for  substation  lay-outs.  The  point  that  is  desired 
to  be  emphasized  is  rather  that  the  space  allotment  is  usually 
a  minimum,  due  primarily  to  the  fact  that  the  question  is  often 
decided  before  the  engineer  is  asked  to  consider  the  installation 
of  the  equipment.  In  most  cases  this  space  is  too  small  to  be  at 
first  considered,  and  only  after  considerable  effort  on  the  part 
of  the  operating  company  is  enough  space  given  to  permit  of  a 
satisfactory  installation.  It  is  quite  evident,  therefore,  that  such 
a  condition  usually  results  in  a  lay-out  occupying  the  extreme 
minimtun  of  building  space. 

Replying  to  Mr.  Lincoln's  question  concerning  the  two- watt- 
meter or  three-wattmeter  method  of  measurement,  I  might  say 
that  while  the  two-wattmeter  method  is  perfectly  correct,  there 
are  practical  considerations  which  arise  in  operating  conditions 
where  the  three-wattmeter  method  is  to  be  preferred. 

Referring  to-  the  installation  of  spare  transformer  tmits,  I 
would  say  that,  imder  certain  operating  conditions  one  addi- 
tional transformer  will  be  sufficient  for  replacing  any  of  the  reg- 
ular operating  transformers  in  case  of  repairs,  etc.  Where  an 
interruption  of  service  due  to  transformer  breakdown  would  be 
serious,  however,  it  would  seem  better  practise  to  install  a  com- 
plete duplicate  installation  of  transformer  units  and  switch 
board  equipment. 

The  subject  of  continuity  of  service  is  one  that  is  of  interest 
to  all.  The  question  of  duplication  of  switch  and  busbar  equip- 
ment to  insure  greater  reliability  of  operation,  however,  under 
certain  conditions  is  doubtful.  For  normal  capacities,  modem 
switchboard  construction  has  reached  that  state  of  development 
where  the  danger  of  breakdown  in  the  busbar  or  switching  equip- 
ment need  not  be  seriously  considered.  It  would  seem,  there- 
fore, that  the  best  installation  is  that  which  embodies  sim- 
plicity in  its  arrangement  rather  than  the  duplication  of  equip- 
ment to  insure  continuity  of  operation,  in  the  event  of  switch- 
board failures.  Where  continuous  operation  is  necessary,  proper 
installation  of  section  switches  in  the  busbar  and  busbar  taps 
will  obviate  the  necessity  of  complete  duplication  of  buses  and 
switch  gear  and  will  permit  of  a  ready  examination  of  the  oper- 
ating equipment. 
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RELATION  OF  PLANT  SIZE  TO  POWER  COST 

BY   P.   M.   LINCOLN 


That  a  large  plant  can  supply  a  given  power  service  as  a  part 
of  a  general  power  supply  business  more  economically  than  a 
plant  of  only  sufficient  size  for  that  given  service,  is  so  manifest 
that  most  engineers  are  ready  to  admit  it  without  argument. 
However,  every  isolated  plant  that  is  installed  where  central 
station  service  is  available  is,  to  a  certain  extent,  evidence  that 
there  is  somebody  not  yet  convinced  of  this  general  truth; 
consequently  a  discussion  showing  why  this  general  statement 
is  true  may  not  be  out  of  place. 

There  are  three  distinct  reasons  why  a  large  plant  can  take 
care  of  a  given  service  more  economically  than  a  small  one. 
These  reasons  are: 

1 .  Because  the  first  cost  per  kilowatt  of  the  large  tmits  enter- 
ing into  the  construction  of  a  large  plant  is  lower  than  of  the  small 
units  entering  into  the  construction  of  a  small  plant,  thereby  re- 
ducing the  first  cost  of  the  apparatus  necessary  for  the  given 
service  and,  therefore,  reducifig  the  annual  fixed  charges  thereon. 

2.  Because  a  large  plant  inherently  can  be  operated  more 
economically  than  a  small  one,  and  because,  further,  the  large 
plant  can  afford  to  introduce  economies  which  would  be  out  of 
the  question  in  a  small  one. 

3.  Because  of  the  existence  of  diversity  factor,  whereby  one 
kilowatt  of  capacity  in  a  central  station  will  serve  a  combined 
load  that  would  take  considerably  more  than  one  kilowatt  if 
each  part  of  that  combined  load  were  to  be  served  separately. 

Further  discussions  of  these  three  reasons  will  be  taken  up  in 
the  order  named  above. 
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1.    RELATIONjopirSlZEfAND   FiRST   CoST 

A  large  plant  will  cost  less  per  kilowatt  than  a  small  one. 
This  is  simply  a  specific  statement  of  a  general  law.  The  larger 
the  amotmt  involved,  the  cheaper  each  unit  becomes,  no  matter 
what  the  commodity  may  be:  Kilowatts  come  cheaper  when 
ptirchased  a  thousand  in  one  machine  than  when  bought  singly; 
just  as  cigars  come  cheaper  by  the  box,  or  freight  rates  are  lower 
by  the  car  load. 

Although  this  law  is  usually  recognized  qualitatively,  few 
engineers  have  an  adequate  conception  of  how  much  it  means 
quantitatively.  To  give  some  idea  of  the  extent  to  which  this 
reduction  in  cost  occurs,  a  number  of  curves  are  given  herein 
showing  approximately  how  much  the  size  affects  the  cost  per 
kilowatt  of  some  of  the  types  of  apparatus  that  enter  into  the 
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make-up  of  a  power  station.  In  giving  these  data,  logarithmic 
cross-section  paper  is  used  for  two  reasons;  first,  because  the 
range  of  the  data  covered  in  a  given  curve  may  be  thereby  in- 
creased, and  second,  because  the  law  connecting  size  and  cost 
per  kilowatt  usually  takes  an  exponential  form,  thereby  enabling 
us  to  represent  the  relation  by  a  straight  line  on  this  kind  of 
paper. 

Fig.  1  gives  data  of  this  nature  upon  electric  generating  ap- 
paratus. In  apparatus  of  this  kind,  a  variation  in  size  is  almost 
invariably  accompanied  by  a  simultaneous  variation  in  speed, 
and  both  speed  and  size  have  an  important  influence  upon  the 
cost  per  kilowatt.  It  is  quite  possible,  however,  to  take  cogni- 
zance of  the  speed  variation  as  well  as  the  output  variation  and 
to  derive  a  law  that  couples  the  cost  per  kilowatt  with  both 
output  and  speed.    The  data  given  in  Fig.  1  are  the  result  of 
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the  inspection  of  a  considerable  number  of  electric  generator 
costs.  This  curve  shows  the  relative  variation  of  cost  per  kilo- 
watt as  it  depends  upon  size  and  speed  of  generator  units.  An 
inspection  of  the  curve  will  show,^for^instance,  that  if  the  speed 
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remains  constant  the  cost  per  kilowatt  will  decrease  by  approxi- 
mately 65  per  cent  for  an  increase  of  ten  fold  in  the  size  of  the  unit. 

In  Fig.  2  similar  data  are  given  for  some  typical  lines  of  trans- 
formers. 

In  Fig.  3  data  are  given  upon  the  relative  costs  of  different 
sizes  of  boilers. 
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In  using  any  of  these  curves  it  must  be  borne  in  mind  that 
a  curve  is  simply  a  method  of  stating  a  general  law  and  that  no 
such  general  law  can  take  cognizance  of  an  unusual  condition. 
For  instance,  if  we  tried  to  extend  the  ctu-ve  for  110,000-volt 
transformers  so  as  to  obtain  the  cost  of  a  one-kw.  transformer, 
the  result  would  be  absurd.    When  an  engineer  has  designed, the 
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smallest  possible  transformer  suitable  for  use  on  110,000  volts 
he  will  necessarily  have  a  transformer  of  a  capacity  very  much 
in  excess  of  one  kilowatt.  In  other  words,  it  is  impossible  to 
design  a  transformer  of  so  high  a  voltage  and  so  low  an  output. 
As  a  consequence,  therefore,  the  use  of  these  curves  to  obtain 
relative  costs  for  such  conditions  would  lead  to  a  result  which  is 
sadly  in  error.  Common  sense  must  be  used  in  the  application 
of  these  data. 

Comparing  a  large  central  station  suitable  for  delivering  power 
for  every  purpose  with  the  size  of  a  plant  that  an  individual 
customer  of  that  central  station  would  have  to  install,  if  he 
supplied  his  own  wants,  we  will  find,  of  course,  that  the  central 
station  plant  will  be  very  much  larger,  anywhere  from  ten  to  a 
thousand  fold,  possibly  even  more.  However,  in  comparing 
complete  plants  with  such  a  difference  in  size,  we  will  find  that 
we  do  not  realize  the  whole  of  the  diflference  in  cost  that  would 
be  indicated  by  comparing  difference  in  the  cost  of  the  individual 
parts.  The  reason  for  this  is  that  the  large  plant  is  inherently 
more  elaborate  than  the  small  one.  A  large  plant  will  naturally 
be  equipped  with  such  items  as  mechanical  stokers,  coal  and  ash 
handling  machinery,  coal  bunkers  and  storage  yards,  super- 
heaters, economizers,  condensers  with  all  their  auxiliaries,  double 
sets  of  busbars,  distant  control  electrically  operated  switches, 
heat-insulating  lagging  on  all  boilers  and  steam  pipes,  feed  water 
heaters,  water  softening  plant,  etc.,  some  or  all  of  which  items 
may  be  omitted  from  the  small  plant.  Although  such  items 
cause  an  increase  in  the  first  cost  of  the  large  plant,  they  still 
do  not  run  its  cost  up  to  be  as  much  per  kilowatt  as  the  small 
plant  not  equipped  with  these  refinements.  In  the  large  plant 
the  first  cost  of  these  items  is  more  than  offset  by  the  operating 
cost  which  their  use  will  save  and  that  fact  accoimts  for  their  use. 
On  the  other  hand,  as  the  size  of  the  plant  is  reduced,  the  point 
is  approached  where  these  cost-saving  items  may  one  by  one  be 
eliminated,  owing  to  the  fact  that  their  presence  will  lead  to  a 
greater  resultant  cost  of  power  than  their  absence.  It  is  only 
where  power  is  produced  in  relatively  large  quantities  that  these 
various  cost-saving  devices  will  pay.  This  matter  will  be  treated 
further  under  the  next  heading  in  this  paper. 

Another  saving  which  would  be  effected  by  concentrating 
power-producing  apparatus  at  a  single  point  instead  of  distribu- 
ting it  throughout  the  premises  of  the  various  customers  served  is 
the  tremendous  aggregate  saving  in  space.    As  the  size  of  the 
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tinits  increases,  the  saving  in  space  occupied  becomes  marked. 
For  instance,  a  10,000-kw.  ttirbo-generator  does  not  take  up 
anything  like  ten  times  as  much  space  as  a  1000-kw.  generator.  ^ 
In  fact  the  space  occupied  is  but  little  more  than  for  a  1000-kw. 
unit,  and  when  we  compare  the  space  occupied  by  a  10,000-kw. 
unit  with  a  100-kw.  unit,  the  discrepancy  is  still  more  marked. 
The  aggregate  saving  in  space  occupied  in  housing  of  plant 
and  in  the  auxiliary  equipment  will  evidently  amount  to  a  large 
item  and  the  comparison  of  central  station  power  versus  individ- 
ual plants  will  result  in  a  very  material  reduction  in  the  first 
cost  of  the  former  compared  to  the  latter. 

2.  Economies  Dub  to  a  Large  Plant 
The  reduction  in  first  cost  per  kilowatt  of  a  large  plant  over  a 
small  one  is  by  no  means  the  only  economy  from  the  concen- 
tration of  a  large  amount  of  power  generating  apparatus  at  one 
point.  In  fact  the  reduction  in  first  cost  is  only  a  small  part  of 
the  total  saving  that  can  be  obtained  by  such  a  move. 

The  total  cost  of  power  may  be  divided  into  two  parts;  viz. 
first  annual  fixed  charges  (interest,  depreciation,  taxes  and 
insurance),  that  depend  upon  the  first  cost  and  second,  operating 
costs  (fuel,  labor,  repairs,  supplies,  and  superintendence)  that 
are  almost  entirely  independent  of  the  first  cost.  We  have  just 
seen  that  size  has  a  considerable  influence  on  the  first  of  these 
divisions  and  now  we  propose  to  show  this  influence  is  still  more 
marked  on  the  second  division.  The  proportion  that  fixed 
charges  enter  total  power  costs  is  usually  somewhere  between  30 
per  cent  and  60  per  cent^  being  smaller  with  small  plants.  The 
reason  that  fixed  charge«ncrease  in  proportion  as  the  size  of  the 
plant  decreases  is  not  on  account  of  the  inherent  decrease  of  this 
item  (because,  as  we  have  already  seen,  it  really  increases)  but 
because  operating  costs  increase  with  decrease  in  size  much 
faster  than  do  fixed  charges. 

A  preceding  paragraph  of  this  discussion  has  called  attention 
to  the  fact  that  the  larger  the  plant,  the  greater  refinements  it 
can  afford  to  install.  The  first  matter  that  requires  attention 
as  the  size  increases  is  usually  the  matter  of  fuel  saving.  In 
large  plants  the  cost  of  fuel  usually  amounts  to  somewhere 
between  50  per  cent  and  75  per  cent  of  the  total  operating  ex- 
pense. Obviously,  therefore,  the  fuel  bill  offers  by  far  the  best 
target  when  one  goes  hunting  for  economy.  In  plants  of  small 
output  the  fuel  bill  bears  a  smaller  proportion  to  the  total,  not 
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at  all  because  of  better  economy  but  because  the  other  expenses, 
such  as  labor,  superintendence,  etc.,  go  down  slower  than  does 
fuel  as  the  plant  size  decreases. 

The  condenser  is  undoubtedly  the  most  important  piece  of 
apparatus  so  far  as  fuel  economy  is  concerned.  A  large  plant  is 
almost  invariably  placed  where  suitable  condensing  water  can 
be  obtained,  whereas  a  plant  for  serving  the  individual  customer 
has  to  go  on  that  customer's  premises  and  even  if  the  expense  of 
a  condenser  is  warranted,  in  a  great  many  cases  suitable  condens- 
ing water  is  not  available  except  at  a  cost  which  makes  its  use 
prohibitive.  The  inherent  fuel  economy  of  condensing  units  as 
compared  with  non-condensing  imits  is  nearly  in  the  ratio  of  two 
to  one  and  it  can,  therefore,  be  seen  at  once  how  large  a  factor 
the  condenser  becomes  in  the  matter  of  economical  operation. 

As  the  plant  increases  in  size  we  soon  come  to  a  point  where  an 
investment  in  superheaters  and  economizers  will  begin  to  pay. 
The  economy  effected  by  these  devices  in  a  large  plant  is  of  the 
order  of  about  10  per  cent  of  the  fuel.  When  our  fuel  bill  is  of 
the  order  of  60  per  cent  of  the  total  cost  of  power,  it  is  evident 
such  a  saving  will  justify  a  very  considerable  expenditure.  As 
the  plant  output  grows  smaller,  however,  the  fuel  bill  becomes  a 
constantly  decreasing  proportion  of  the  total  cost  and  at  the  same 
time  the  relative  cost  of  superheater  and  economizers  increases, 
so  that  we  soon  arrive  at  a  point  where  their  installation  will  no 
longer  pay.  It  is  only  the  plant  of  comparatively  large  output 
that  can  afford  to  use  this  economy. 

Uniformity  in  fuel  supply  is  another  item  which  is  of  very 
considerable  importance,  as  is  realized  by  those  who  have  been 
obliged  to  change  the  quality  of  fuel  fired  from  time  to  time. 
The  grates,  draft,  combustion  chamber,  etc.,  suitable  for  one  kind 
of  fuel  may  not  be  at  all  suitable  for  another,  and  the  insurance 
of  a  imiform  fuel  supply  is  not  within  the  power  of  the  user  of 
fuel  in  comparatively  small  quantities.  It  is  only  large  plants 
which  buy  fuel  at  wholesale  that  can  afford  to  have  a  guaranteed 
and  uniform  supply.  The  purchase  of  fuel  under  specifications 
is  a  refinement  in  fuel  practise  that  has  come  into  very  consider- 
able vogue  within  the  past  five  or  ten  years.  It  is  only  such  plants 
as  use  fuel  in  large  quantities  that  can  avail  themselves  of  the 
uniformity  of  fuel  supply  which  the  purchase  of  fuel  under  such 
specifications  will  instire. 

Some  of  our  larger  central  stations  have  foimd  that  uniformity 
in  the  size  of  the  particles  of  fuel  has  an  important  bearing  on 
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the  economy  with  which  it  can  be  burned  under  boilers.  In  some 
plants  it  has  been  demonstrated  that  it  is  economy  to  screen  the 
fuel  so  that  dust  and  small  particles  may  be  separated  from  thfe 
larger  and  burned  in  a  separate  furnace  particularly  designed 
with  that  end  in  view.  It  is  evident  that  only  a  plant  having  a 
comparatively  large  fuel  constmiption  can  afford  to  enter  into 
such  a  refinement  in  the  use  of  its  fuel.  Here  is  another  economy 
that  is  available  only  in  a  larger  plant. 

After  fuel,  labor  is  the  next  largest  of  the  items  that  go  to  make 
up  operating  cost.  In  the  large  plants  it  is  possible  to  introduce 
labor  saving  devices,  that  would  be  out  of  the  question  in  the 
small  plant.  Probably  one  of  the  greatest  labor  saving  devices 
in  the  modem  power  plant  is  the  mechanical  stoker.  Not  only 
does  the  mechanical  stoker  save  labor  but  it  also  gives  an  ability 
to  force  boilers  to  a  point  not  possible  with  hand  firing.  Thus  an 
indirect  saving  comes  from  the  use  of  mechanical  stokers  (in 
reducing  boiler  equipment  necessary  during  peaks)  that  is  as 
great,  if  not  greater,  than  their  effect  in  the  direct  saving  of 
labor.  In  the  small  plants  the  installation  of  mechanical  stokers 
is  not  justified,  because,  even  with  hand  firing  the  boiler  room 
force  is  so  small  that  it  could  not  be  further  reduced  by  intro- 
ducing stokers. 

Again,  when  we  come  to  analyze  engine  room  labor,  it  is 
evident  that  a  10,000-kw.  ttirbo-generator  does  not  require  much 
more  attention  than  a  100-kw.  unit.  Each  unit  has  about  the 
same  number  of  bearings  and  there  is  little  inherent  reason  for 
the  large  unit  requiring  much  more  attention  than  the  small  one. 
When  we  compare  them  on  a  per  kilowatt  basis,  the  large  unit, 
of  course,  has  a  tremendous  advantage  in  labor  cost. 

In  a  small  plant  we  will  find  that  the  coal  supply  is  brought 
in  from  the  coal  pile  in  a  wheel-barrow  and  shovelled  into  the 
furnace  by  hand.  In  the  large  plant  the  incoming  coal  is  diunped 
by  gravity  from  a  hopper  car  and  carried  almost  automatically 
by  machinery  into  bins  above  the  ftunaces  where  it  is  fed  by 
gravity  to  the  grates.  The  difference  in  labor  is,  of  course,  very 
marked,  but  it  would  be  ridiculous  for  the  small  plant  to  attempt 
to  use  such  coal-handling  machinery,  because  the  amount  of 
labor  which  it  could  save  would  not  begin  to  pay  for  the  fixed 
charges  on  the  machinery. 

The  removal  of  ashes  is  another  point  wherein  the  large  plant 
has  an  advantage  on  account  of  its  size.  The  small  plant  must 
have  them  raked  out  by  hand,  loaded  into  a  wheel-barrow^nd 
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hauled  away  to  a  pile  that  is  again  moved  by  hand  when  a  suffi- 
cient amount  has  accumulated.  The  large  plant  dumps  them 
into  a  tram-car  that  takes  them  directly  to  a  hopper  car  for  dis- 
posal at  once. 

Another  item  of  economy  which  can  be  exercised  by  the  large 
plant,  but  is  prohibited  to  the  small  one,  is  that  of  adjusting 
the  apparatus  to  the  load  to  be  carried.  A  large  plant  usually 
is  equipped  with  a  comparatively  large  number  of  units  and  can 
operate  them  so  that  the  units  are  run  near  their  maximum 
economy  point.  On  the  other  hand,  a  small  plant  is  usually 
equipped  with  a  relatively  small  number  of  units  and  must 
often  run  a  unit  considerably  larger  than  necessary  to  take  care 
of  the  load  and  consequently  operate  it  at  a  relatively  low  point 
on  its  economy  curve. 

And  so  one  may  go  on  indefinitely  and  entmierate  the  advan- 
tages and  economies  of  the  large  central  station.  If  the  boiler 
feed  water  is  bad,  the  large  plant  can  afford  to  install  a  water 
softening  plant;  the  small  plant  cannot  think  of  such  a  refine- 
ment. The  large  station  can  afford  to  insure  itself  against  a 
coal  miners'  strike  by  installing  a  coal  storage  yard,  and  to 
insure  itself  against  electrical  breakdowns  by  spare  units,  spare 
cables  and  a  double  set  of  buses — ^refinements  that  would  be 
entirely  out  of  reach  of  the  individual  small  plant. 

It  is  evident,  therefore,  from  the  foregoing  analysis,  that  not 
only  does  the  central  station  have  an  advantage  in  first  cost  but 
that  it  has  a  much  greater  advantage  both  in  operating  cost  and 
in  the  ability  to  insure  continuity  of  service. 

3.   Diversity  Factor 

Now  we  come  to  the  third  advantage  of  the  large  central 
station  serving  a  diversified  load.  As  the  name  indicates, 
diversity  factor  might  be  defined  as  the  advantage  in  capacity 
which  is  secured  by  the  large  plant  serving  many  different  kinds 
of  loads  over  the  aggregate  capacity  of  the  many  plants  that 
would  be  required  to  serve  each  individual  part  of  this  load 
separately.  Not  only  is  the  large  station  cheaper  per  kilowatt 
than  the  small  one,  but  also  the  large  plant  does  not  have  to  have 
as  many  kilowatts  of  capacity  installed  to  take  care  of  a  given 
aggregate  load  as  would  individual  plants  for  taking  care  of  the 
same  service. 

The  diversity  of  two  or  more  loads  may  be  complete  or  only 
partial.    Diversity  may  also  occur  on  accotmt  of  either  yearly 
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or  daily  fluctuations  in  the  time  that  the  maximtim  of  a  given 
load  occurs.  As  an  example  of  yearly  fluctuations  we  might  cite^ 
as  summer  loads,  ventilating  fans,  irrigation,  pleasure  parks  and 
ice  making;  as  winter  loads,  electric  heating  (as  for  street  cars 
and  houses)  and  electric  lighting  during  the  early  hours  of  the 
daily  lighting  period.  As  examples  of  diversity  factor  due  to 
daily  variations  we  might  cite  power  for  the  operation  of  factories 
during  the  day  and  the  power  required  for  illuminating  the  streets 
at  night.  These  are  examples  where  the  diversity  is  nearly,  if 
not  quite,  complete,  as  there  is  no  coincidence  whatever  of  the 
times  at  which  such  loads  must  be  carried. 

Partial  diversity  is  always  secured  between  two  loads  unless 
the  loads  vary  in  exactly  the  same  proportion  at  exactly  the  same 
time.  Such  a  coincidence  is  impossible,  and  as  a  consequence 
any  loads  will  have  some  diversity  in  the  times  at  which  their 
maxima  will  be  taken. 

One  of  the  best  examples  of  diversity  that  the  writer  knows 
of  is  the  use  of  one  of  the  United  States  Government  irrigation 
plants  in  the  west  for  house  heating  during  the  winter  months — 
a  use  which  was  called  to  my  attention  by  Mr.  O.  H.  Ensign, 
Chief  Engineer  of  the  United  States  Reclamation  service. 
The  power  plant  in  this  case  was  installed  primarily  for  the 
purpose  of  pumping  water  for  the  irrigation  of  some  of  the  arid 
lands  of  Idaho.  The  irrigation  season  in  Idaho  opens  in  April 
and  closes  usually  in  September,  operating  for  this  purpose 
only  during  the  summer  months.  During  the  winter  months 
there  is  ample  water  to  run  the  plant  and  practically  the  only 
expense  of  its  operation  during  the  winter  is  the  labor  necessary 
for  attendance.  It  is  evident  that  the  machinery  will  have  less 
depreciation  if  operated  during  the  winter  months  than  if  simply 
shut  down  and  left  uncared  for.  There  is  not  the  same  chance 
for  the  apparatus  to  absorb  moisttire  and  it  will  tmquestionably 
be  in  a  better  shape  for  this  operation  than  if  not  operated  during 
the  winter. 

In  this  Idaho  irrigation  district,  advantage  is  taken  of  this 
condition  by  supplying  electric  heat  to  the  farmers  during  the 
winter  months  at  a  price  that  will  simply  pay  the  cost  of  operation. 
This  policy  results  in  a  price  of  the  order  of  one-tenth  cent  per 
kw-hr.  With  such  a  price,  one  dollar  will  buy  3,420,000  B.t.u. 
With  coal  running  10,000  B.t.u.  per  lb.  and  selling  at  $4.00  per 
ton  (which  is  certainly  a  favorable  statement  of  the  fuel  con- 
ditions in  this  district)  one  dollar  will  buy  5,000,000  B.t.u.    An 


Digitized  by 


Google 


1990  LINCOLN:  POWER  COST  [Ckt.  13 

efficiency  of  50  per  cent  is  certainly  all  that  can  be  expected  in 
burning  fuel  for  house  heating  purposes,  while  with  electric  heat 
one  cannot  avoid  an  efficiency  of  100  per  cent.  As  a  consequence, 
we  have  the  condition  where  the  farmers  of  Idaho  are  able  to 
heat  their  houses  by  electricity  actually  cheaper  than  by  coal, 
to  say  nothing  of  the  greater  convenience  and  deanlin^s  of  the 
electric  method  of  heating — ^and  this  all  comes  on  accotmt  of 
the  existence  of  diversity  factor. 

Complete  diversity  occtirs  only  with  certain  limited  kinds  of 
service;  partial  diversity  occurs  on  every  kind  of  service.  The 
amotmt  of  partial  diversity  which  occurs  depends  entirely  upon 
the  nature  of  that  service.  Mr.  H.  B.  Gear,  in  an  interesting 
paper  read  before  the  Chicago  Section  of  this  Institute  in  1910, 
gives  some  valuable  data  on  the  question  of  diversity  factor. 
He  found,  for  instance,  that  in  residence  lighting  the  diversity 
factor  amounted  to  over  six,  that  is,  the  sum  of  the  maxima  of 
a  considerable  number  of  residences  was  over  six  times  as  great 
as  the  maximum  required  from  the  generating  station  to  serve 
all  of  these  residences.  For  commercial  lighting,  that  is,  the 
lighting  of  retail  stores,  etc.,  he  found  a  diversity  of  nearly  2J; 
for  small  scattered  service  he  found  a  diversity  of  practically 
the  same  figure  and  for  large  users  the  diversity  was  still  1.4. 
Possibly  this  last  figure  is  the  most  significant  of  all.  It  is  the 
large  user  who  would  be  tempted  to  install  a  plant  for  his  own 
operation.  Residence  lighting  and  small  scattered  power,  etc., 
use  such  a  small  quantity  of  energy  that  there  is  practically  no 
incentive  for  such  users  to  provide  their  own  power.  However, 
the  fact  that  the  large  user  still  has  a  diversity  as  high  as  1 . 4 
is,  of  itself,  sufficient  to  enable  a  large  central  station  to  supply 
power  to  such  users  cheaper  than  they  can  make  it  themselves. 
This  one  consideration,  independent  of  the  others  that  are  dis- 
cussed in  this  paper,  is  sufficient  to  justify  the  central  power 
station,  because  it  means  the  installation  of  less  than  three-fourths 
the  amount  of  apparatus  in  a  central  station  than  it  would  re- 
quire in  separate  individual  plants  for  giving  the  same  service. 

Even  where  various  services  are  of  the  same  kind  there  is  a 
considerable  amount  of  diversity.  Mr.  Samuel  Instill,  in  an  inter- 
esting and  instructive  paper  read  before  this  Institute  in  April, 
1912,  has  shown  this  to  be  true.  He  finds,  for  instance,  that  the 
diversity  for  the  operation  of  the  various  steam  railroads  center- 
ing in  New  York  is  of  the  order  of  some  six  or  eight  per  cent. 
When  it  is  borne  in  mind  that  this  is  the  diversity  for  the  same 
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kinds  of  service,  it  is  evident  that  the  diversity  between  different 
kinds  of  service  will  be  very  much  greater.  It  is  important, 
therefore,  that  a  central  station  diversify  its  service  just  as  far 
as  possible.  For  instance,  a  plant  whose  main  business  is  to 
supply  lighting  and  general  power  can  take  on  a  railway  load 
more  economically  than  can  a  plant  whose  output  is  already 
being  taken  by  railroads.  On  account  of  the  diversity  between 
these  different  types  of  load,  the  addition  of  a  railway  load  may 
be  assured  by  a  plant  already  carrying  a  general  power  and 
lighting  load  with  the  addition  of  less  apparatus  than  required 
by  a  separate  plant  to  serve  the  same  load.  Concentration  of 
power  supply  makes  for  economy  in  every  aspect. 

There  are  two  arguments  that  may,  with  reason,  be  urged 
against  the  central  station  method  of  supply.  The  first  is  that 
the  central  station  requires  the  addition  of  a  transmitting  and 
distributing  system  before  its  customers  can  be  supplied,  and  the 
cost,  upkeep  and  losses  in  this  transmitting  and  distributing 
system  must  be  added  to  the  central  station  to  make  it  compara- 
able  with  individual  customers'  plants.  This  argtmient  is 
entirely  legitimate,  as  far  as  it  goes,  but  it  does  not  go  far  enough. 
The  cost  and  losses  of  the  transmitting  and  distributing  system 
do  not  amoimt  to  enough  to  begin  to  offset  the  advantages  on  the 
part  of  the  central  station  that  have  been  detailed  in  the  preced- 
ing pages.  It  is,  of  course,  possible  to  imagine  a  condition  where 
the  cost  and  losses  of  transmission  and  distribution  make  the 
central  station  supply  more  expensive  than  an  isolated  plant,  but 
this  means  that  we  have  gone  beyond  the  proper  radius  of  that 
station.  The  advantages  (in  the  matter  of  cost)  of  the  central 
station  are  so  great  that  the  utmost  addition,  on  account  of 
transmission  and  distribution,  and  still  maintain  good  regula- 
tion, is  not  sufficient  to  permit  isolated  plants  to  compete. 

The  second  argument  in  favor  of  the  isolated  plant  is  that 
during  the  season  that  heating  is  required  the  steam  may  be 
used  twice,  once  for  power  and  the  exhaust  for  heating.  This  is 
also  a  legitimate  argument  so  far  as  it  goes  and  its  complete 
discussion  requires  much  more  space  than  I  have  at  my  disposal 
here.  In  general,  however,  it  can  be  shown  that  the  advantages 
which  accrue  to  the  centralization  of  a  large  amount  of  power  at 
one  point  will  far  outweigh  the  advantage  of  the  isolated  plant 
even  when  it  is  coupled  with  the  heating  proposition,  as  it  so 
often  is. 

When  the  isolated  plant  is  used  for  heating,  we  must  bear  in 
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mind  that  there  is  a  large  part  of  the  year,  certainly  more  than 
one-half  of  it,  when  no  heating  whatever  is  required  and  during 
this  period  the  plant  must  accept  the  losses  which  are  inherent 
with  the  combination  of  power  generating  and  steam  heating 
plant  using  the  same  steam.  Another  thing  which  must  not  be 
forgotten  is  the  daily  diversity  between  the  heat  and  power 
loads  in  the  isolated  plant.  Take  for  example,  the  case  of 
an  oflBce  building.  The  building  will,  of  course,  cool  off  to 
a  certain  extent  diuing  the  night  and  it  is  required  that  it  be 
brought  to  a  certain  acceptable  temperature  by  the  time  the  office 
force  arrives  in  the  morning.  This  will  require  a  considerable 
amotmt  of  steam  during  the  early  morning  hotirs,  at  which  period 
there  is  absolutely  no  use  for  light  in  the  building  and  practically 
none  for  power.  The  heavy  demand  for  light  and  power  in  this 
same  office  building  will  occur  just  before  the  force  is  getting 
ready  to  leave  for  the  night  and  at  this  particular  period  of  the 
day  the  requirements  for  heat  are  at  a  minimum  because  the 
heat  inertia  of  the  building  is  sufficient  to  keep  up  the  tem- 
perature at  this  time,  and  it  is  useless  to  put  in  more  heat  at  the 
time  when  the  force  is  getting  ready  to  leave.  Therefore,  while 
it  is  perfectly  true  that  the  same  steam  can  be  used  economically 
for  lighting  and  heating,  it  is  impossible  to  so  arrange  a  combina- 
tion plant  of  this  kind  that  the  diversity  in  time  requirements 
for  the  different  kinds  of  service  make  it  possible  to  make  com- 
plete use  of  this  advantage.  This  is  a  case  where  diversity 
works  against  and  not  for  economy. 

As  a  result  of  the  foregoing  analysis,  the  writer  is  of  the 
opinion  that  there  are  only  two  reasons  why  central  stations 
should  not  supply  all  of  the  electrical  service  within  legitimate 
reach  of  their  distributing  systems.  These  are,  first  because  the 
rate  offered  by  the  central  station  does  not  bear  a  suitable  re- 
lation to  the  cost  of  the  service  to  be  supplied,  and 

Second,  because  the  prospective  customer  has  some  motive 
other  than  the  cost  of  the  supply  for  not  taking  his  service  from 
the  central  station. 
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Discussion  on  "  Relation  op  Plant  Size  to  Power  Cost  " 
(Lincoln),  Philadelphla,  Pa.,  October  13,  1913. 

Harry  Archer  Homor:  Mr.  Lincoln  has  properly  stated  in 
the  introduction  of  his  paper  "  that  most  engineers  are  ready 
to  admit  without  argument  that  a  large  power  plant  can  supply 
a  given  power  service  as  a  part  of  a  general  power  supply  busi- 
ness more  economically  than  a  plant  merely  equipped  for  special 
manufacturing  business."  Therefore  it  is  obvious  that  we 
should  look  to  other  than  engineering  considerations  to  find  the 
motives  which  prevent  the  prospective  customer  from  purchas- 
ing his  power  from  a  central  station. 

The  author  of  this  paper  presents  two  arguments  that  may  be 
urged  against  the  central  station  method  of  supply.  The 
first  of  these  arguments,  namely  the  question  of  the  trans- 
mission and  distribution  of  power,  may  easily  be  dispensed  with 
because  of  the  increasing  nimiber  of  central  stations  in  congested 
communities,  as  well  as  the  development  in  the  art  of  very  high 
potential  distribution  over  long  distances.  Factories  today 
are  rarely  placed  without  the  zone  of  a  central  station.  The  pro- 
moters of  an  industrial  venture  would  take  into  consideration 
the  question  of  the  advantages  of  such  power  supply  in  selecting 
a  site  for  their  plant.  I  doubt  very  much  whether  the  central 
station  would  have  been  given  as  much  consideration  say  ten 
or  fifteen  years  ago. 

The  author's  second  argument  in  favor  of  the  isolated  plant, 
namely,  the  use  in  most  industrial  companies  of  steam,  must 
indeed  have  careftd  consideration.  This  argument  seems  to 
be  the  last  one  which  is  of  direct  importance  to  the  engineer. 
Many  industrial  plants  not  only  require  steam  for  heating  pur- 
poses throughout  their  plant  and  offices  but  also  employ  it 
in  various  parts  of  their  manufacture.  No  doubt  the  use  of 
steam  in  this  way  is  extremely  uneconomical,  and  no  doubt 
other  forms  of  energy  could  be  just  as  well  applied.  Further- 
more, it  may  be  purely  because  the  steam  plant  is  there  that 
steam  is  so  used.  Nevertheless  the  fact  that  a  conversion  to 
some  other  form  of  energy  must  now  be  made,  causes  the  owner 
to  consider  very  carefully  the  cost  of  this  substitution.  We 
see  how  quickly  the  problem  changes  from  that  of  engineering 
into  commercial  economics. 

Mr.  R.  S.  Hale,  in  a  paper  read  before  a  joint  meeting  of  the 
American  Institute  of  Electrical  Engineers  and  the  Amer- 
ican Society  of  Mechanical  Engineers  held  in  Boston,  February 
16,  1910,  points  out  a  condition  which  I  dare  say  would 
be  found  in  a  majority  of  isolated  plants,  namely:  whereas 
the  central  station  would  figure  its  cost  of  power  too  high  the 
isolated  plant  would  be  apt  to  figure  its  cost  of  power  too  low. 
This  problem  would  be  an  extremely  easy  one  and  very  definite 
of  solution  if  the  isolated  plant  only  manufactured  one  kind  of 
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power.  As  a  matter  of  fact  the  large  manufacturing  concern, 
especially  one  doing  a  varied  business,  must  equip  the  plant 
with  many  different  forms  of  power.  Mr.  Lincoln  has  pointed 
out  that  this  is  exactly  the  place  where  the  central  station  can 
aid  because  the  diversity  factor  is  large  and  the  generating  units 
wotdd  naturally  be  in  proportion,  making  their  first  cost  rela- 
tively high.  ()n  the  other  hand  the  isolated  power  plant  would 
be  under  one  operating  force  and  under  the  same  accoimting 
system,  which  would  make  it  difficult  in  most  cases  to  determine 
the  individual  costs  of  power  without  a  very  elaborate  system 
of  bookkeeping. 

The  manufacturing  company  with  which  I  am  connected 
uses  four  different  kinds  of  power  for  its  construction  pur- 
poses, namely,  electric,  pneumatic,  hydraulic  and  steam.  All 
these  forms  of  power  are  generated  in  the  same  power-house 
and  with  the  same  operating  force.  It  would  not  be  possible 
to  determine  definitely  the  unit  cost  of  any  one  of  these  without 
an  elaborate  installation  of  instrvunents,  a  special  piping  system 
and  a  particular  system  of  bookkeeping.  Let  us  take  the  electric 
power  alone:  Two  double-current  generators  are  daily  pro- 
viding the  electric  power.  These  units  are  rated  at  600  kw. 
and  carry  a  regular  load  throughout  the  day  of  about  600  kw. 
or  20  per  cent  overload.  They  are  therefore  operated  normally 
at  good  efficiency  as  far  as  the  generator  is  concerned.  There 
is  also  installed  one  500-kw.  (Srect-current  generator.  This 
generator  is  also  used  for  what  might  be  called  peak  lighting  load. 
The  switchboard  operator  throws  the  two  double-current  gen- 
erators into  the  distributing  system  in  the  morning,  shuts  them 
down  at  noon,  places  them  in  service  after  the  noon  hour,  and 
shuts  them  down  at  quitting  time,  except  in  the  event  of  the  plant 
working  overtime.  This  switchboard  operator  is  as  a  matter 
of  fact  an  oiler.  Since  there  has  been  installed  a  voltage  reg- 
ulator he  has  no  more  duties  as  regards  the  nmning  of  the  elec- 
tric plant  than  those  above  outlined.  If  central  station  energy 
was  substituted  for  the  electric  plant,  there  would  be  no  re- 
duction in  operating  force. 

Let  us  consider  the  problem  in  another  way :  The  electric  power 
consumed  seems  to  bear  a  relation,  something  like  20  per  cent, 
of  the  total  power  with  the  exception  of  steam.  As  we  would 
not  reduce  our  operating  cost,  and  could  only  look  for  a  reduction 
at  the  coal  pile,  the  immediate  commercial  question  that  would 
be  asked  is,  would  we  reduce  the  amount  of  coal  purchased  per 
year  by  twenty  per  cent,  and  how  much  money  would  this 
represent  when  we  include  the  amount  paid  by  the  year  to  the 
central  station?  For  the  plant  in  question,  and  with  the  data 
that  is  available  I  am  of  the  belief  that  there  could  be  no  com- 
mercial consideration  given  to  this  proposal  tmless  the  central 
station  could  supply  electric  energy  so  that  no  more  operating 
expense  to  the  customer  would  ensue,  and  that  the  cost  per 
kilowatt-hour  would  be  less  than  one  cent.     If  the  plant  used 
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alternating  current  it  would  only  be  necessary  to  install  an  in- 
dustrial substation  equipped  with  static  transformers.  This 
would  answer  the  first  part  of  the  question.  As  it  happens, 
approximately  one-half  the  load  is  direct  current,  generated  at 
230  volts,  and  the  other  half  is  two-phase  25-cycle,  200-volt, 
alternating  current.  This  would  necessitate  either  the  conver- 
sion of  the  present  plant  or  the  installation  of  synchronous  con- 
verters. The  power  house  as  now  designed  would  not  permit 
the  installation  of  any  additional  apparatus,  so  that  parallel 
operation  with  the  present  machinery  wotdd  only  be  possible 
by  the  erection  of  a  separate  building  involving  a  separate  opera- 
ting force. 

The  next  consideration  is  then,  the  substitution  of  electricity 
for  producing  all  the  power,  so  that  the  present  power  house 
could  be  completely  dispensed  with  and  an  electrical  substation 
substituted.  This  involves  a  number  of  interesting  considera- 
tions into  the  detail  of  which  it  is  not  possible  to  fully  enter. 
Briefly,  this  comprises  the  question  of  rotary  hydraulic  pumps; 
rotary  air-compressors  and  the  question  of  heating.  This  latter, 
though  possible  of  accomplishment  by  means  of  electricity,  will, 
I  think,  be  generally  admitted  to  be  an  expensive  substitution, 
although  as  Mr.  Lincoln  has  stated  the  small  plant  does  not  reach 
a  point  where  it  pays  to  install  certain  economical  devices  for 
the  production  of  steam,  yet  on  the  other  hand  there  are  certain 
practical  economies  which  can  be  introduced  by  which  wastes 
of  various  kinds,  though  not  entirely  eliminated  are  very  much 
reduced.  This  makes  it  problematical  in  the  minds  of  the 
owners  of  such  plants,  to  maintain  their  plants  up  to  a  point 
where  either  developments  compel  a  change,  or  depreciation  is 
so  great  that  the  apparatus  can  no  longer  sustain  the  demands 
put  upon  it. 

It  may  appear  from  the  foregoing  that  this  is  an  argument  for 
the  isolated  plant  and  against  the  central  station.  Such  is  in 
no  sense  the  intention.  It  is  rather  an  endeavor  to  find  the 
reason  which  prompts  men  who  own  isolated  plants  to  retain 
them  in  preference  to  the  purchase  of  power.  The  central 
station  may  be  a  little  to  blame  in  not  making  special  efforts  in 
this  direction. 

Granted  that  they  have  at  the  present  time  accomplished 
much,  I  cannot  see  but  what  it  depends  greatly  upon  whether 
they  wish  to  accomplish  more.  If  the  central  station,  as  Dr. 
Steinmetz  recently  stated  in  an  address  before  the  Franklin 
Institute  this  month,  can  find  an  off-peak  power  load  that  does 
not  cost  them  the  installation  of  more  apparatus  and  additional 
operating  expenses,  it  is  safe  to  say  that  the  central  station  could 
sell  its  power  at  even  as  low  a  rate  as  mentioned  by  Mr.  Lincoln 
in  his  illustration  of  diversity  factor  as  shown  by  the  United 
States  Reclamation  Service  in  the  Idaho  Irrigation  System. 
But  if,  as  we  have  recently  heard  it  proposed,  the  central  stations 
take  over  the  power  supply  to  railroads  for  the  electrification 
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of  surburban  lines,  I  do  not  see  but  what  the  central  station  will 
be  reqtiired  to  install  and  operate  more  apparatus,  because  this 
load  will  undoubtedly  strike  the  peak,  as  the  busy  people  will 
be  going  to  and  from  their  work  at  the  same  time  that  the  station 
will  need  to  supply  its  peak  load. 

This  is  an  interesting  subject  because  it  is  such  a  large  one 
and  so  many  different  factors  enter  into  every  side  from  which 
you  view  it.  Although  steam  central  plants  have  shown  a 
wonderful  reliability  as  well  as  flexibility,  it  has  not  been  very 
long  ago  that  a  friend  of  mine  in  the  northeastern  part  of  this 
country  very  seriously  considered  annulling  his  contract  with  a 
water-power  central  station,  and  installing  a  plant  of  his  own. 
I  believe,  however,  that  it  is  generally  recognized  to-day  that 
such  central  stations,  subject  by  the  elements  to  an  interruption 
of  service,  must  parallel  their  water  turbines  with  a  steam  plant, 
because  of  this  uncontrollable  consequence. 

I  notice  that  Mr.  Lincoln  in  his  paper  did  not  touch  partic- 
ularly upon  this  point,  and  I  suppose  he  did  not  because  such 
eventualities  are  not  so  frequent.  It  is  nevertheless  a  very 
important  motive  in  any  manufacturing  concern  whose  product 
depends  entirely  upon  the  supply  of  electric  current. 

As  a  summary  I  should  deduce  the  following: 

First,  the  promoters  of  any  new  manufacturing  venture  woiild 
today  consider  the  location,  and  operation  of  their  industrial 
plant  so  that  central  station  power  could  be  used.  This  would 
be  considered  in  their  estimate  of  first  cost,  expense  of  operation, 
and  in  their  original  design. 

Second,  for  those  owners  who  are  now  operating  isolated  plants 
supplying  various  powers  including  steam,  convincing  reasons 
must  be  presented  whereby  they  may  abandon  their  present 
plant  entirely  and  economically  purchase  their  power. 

Third,  I  believe  the  principal  motive  underlying  the  retention 
of  the  isolated  plant  is  due  to  commercial  economy  rather  than 
to  engineering  principles. 

Fourth,  I  beUeve  that  the  central  station  in  its  development 
will  overcome  all  obstacles  and  reduce  the  niunber  of  isolated 
plants. 

Fifth,  I  also  believe  that  in  the  case  of  very  large  vessels  that 
a  central  station  adapted  for  this  special  service  wUl  be  installed, 
and  that  requisite  power  will  be  delivered  both  for  the  driving 
of  the  vessel  and  for  the  operation  of  her  auxiliary  machinery. 

W.  C.  L.  Eglin:  Mr.  Homor  seems  to  take  up  one  or 
two  questions  on  the  other  side.  There  is  a  fourth  point  that 
occurred  to  me  while  Mr.  Lincoln  was  reading  his  paper,  and 
that  is,  the  depreciation  of  any  apparatus.  Tlie  consumer  in- 
variably has  his  mindfixedon  the  eflBciency  shown  by  his  apparatus 
when  first  installed  and  tested;  and  he  still  believes  it  is  operating 
at  the  same  point  of  eflSciency  after  several  years  of  use.  The 
central  station  company  generally  finds  that  it  pays  to  discard 
guch  apparatus  and  install  more  efficient  apparatus.    That  it 
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very  clearly  shown  in  all  the  larger  stations;  whereas  with  the 
individual  owner  of  a  small  plant,  some  particular  change  in 
his  business  or  the  extension  of  the  business  to  the  point  where 
the  plant  becomes  too  small  for  his  needs,  would  be  required 
before  he  would  think  of  abandoning  it. 

The  next  thing  is  the  inertia  to  be  overcome.  Take  the  case 
of  the  tungsten  lamp:  It  is  three  times  as  efficient  as  the  carbon 
lamp,  yet  there  are  three  times  as  many  carbon  lamps  sold 
today  as  there  are  tungsten  lamps.  The  people  are  not  installing 
as  many  timgsten  lamps  as  they  shotdd,  and  it  will  take  from 
three  to  five  years  to  educate  them  to  do  so.  In  Europe  you  will 
have  a  task  trying  to  find  a  carbon  lamp.  You  see  them,  it  is 
true,  but  you  see  many  more  tungsten  lamps  than  carbon, 
while  in  this  country  you  will  see  more  carbon  lamps  than  tung- 
sten. 

It  is  only  a  matter  of  time  before  the  central  station  must 
be  extended  to  the  point  where  its  service  will  become  practically 
universal. 

That  is  the  real  objection  to  the  substitution  of  electrical 
service  from  the  central  station — you  must  have  a  property  large 
enough  to  be  able  to  afford  to  "  scrap  "  apparatus,  even  to  the 
extent,  sometimes,  of  removing  the  entire  plant  investment  from 
your  books.  It  is  hard  to  get  the  ordinary  manufacturer  to 
throw  out  his  plant  and  "  forget  about  it." 

P.  V.  Stevens:  I  ask  Mr.  Lincoln  for  my  own  information, 
and  possibly  for  the  sake  of  others,  this  question:  The  dis- 
cussion or  treatment  in  this  paper  has  been  apparently  referring 
to  steam  plants,  and  the  majority  are  f  amilar  with  the  conditions 
met  in  such  plants,  but  assuming  the  advantage  of  the  large 
central  station  over  a  small  station  is  10  per  cent,  I  would 
like  to  know  what  percentage  would  represent  the  advantage 
in  the  operation  of  oil  and  gas  plants  where  the  fuel  is  relatively 
cheap. 

C.  O.  Mailloux:  This  paper  discusses  the  general  case  very 
comprehensively  and  intelligently.  When  we  come  to  spedd 
cases,  certain  modifications  may  be  necessary  in  the  reasoning 
and  in  the  conclusions,  as  the  author  has  himself  pointed  out. 
We  all  agree,  for  example,  in  regard  to  the  general  statement 
that  the  economy  of  a  plant  will  be  a  direct  function  of  its  size. 
There  are,  however,  considerations  which  often  argue  in  favor, 
and  demonstrate  the  superiority,  from  a  financial  standpoint, 
of    a  small  individual  plant — ^the   so-called    "isolated  plant." 

My  experience  with  isolated  plants  covers  a  period  of  over 
twenty-five  years,  and  it  is  so  diversified  that  I  cannot  now  give 
more  than  a  general  smmnary  of  it.  As  consulting  engineer, 
I  have  had,  during  that  period,  to  deal,  in  some  technical  capac- 
ity or  other,  with  perhaps  a  thousand  isolated  plants,  large 
and  small.  In  more  than  half  of  these  cases,  I  have  had  charge 
of  the  design  and  installation  of  the  plant,  and  in  a  number  of 
cases  I  have  also  had  chaige,  for  a  time  at  least,  of  its  operation. 
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I  have  also  had  occasion  to  make  reports  in  regard  to  the  feasi- 
bility and  economy  of  isolated  plants  in  himdreds  of  cases. 
In  the  latter  cases,  the  question  was  gone  into  most  thoroughly; 
a  very  careful,  honest  attempt  was  made  to  get  at  all  the  facts 
and  figures  bearing  on  the  case,  in  order  to  reach  the  true  and 
correct  answer  as  to  whether  the  plant  would  pay  or  not.  In 
many  cases,  the  answer  indicated  that  the  plant  would  not  pay; 
but  in  many  others  it  showed  definitely  that  the  isolated  plant 
was  warranted.  I  will  only  refer  now  to  those  instances  where 
there  was  absolutely  no  chance  for  the  central  station  to  re- 
place the  isolated  plant. 

A  very  interesting  case  was  that  of  a  large  sugar  refining  es- 
tablishment in  Brooklyn,  in  which  a  boiler  plant  of  about  10,000 
h.p.  was  rendered  necessary  because  of  the  immense  amoimt  of 
evaporating  to  be  done  incidental  to  the  sugar  refining  opera- 
tions. This  large  boiler  plant  would  have  to  be  there  anyhow. 
The  same  boiler  room  force  and  the  same  facilities  wotdd  be 
necessary  whether  the  electric  current  supply  required  for  lighting 
and  power  came  from  an  isolated  plant  or  from  a  central  station. 

At  the  time  this  plant  was  designed,  the  question  of  .electric 
■current  supply  received  careful  consideration,  and  it  was  soon 
made  obvious  that  the  cheapest  and  most  practical  way  would 
be  for  the  establishment  to  produce  its  own  power,  by  generating 
steam  at  high  pressure,  say  150  lb.,  and  reducing  this  pressure 
to  that  which  is  required  for  evaporating,  namdy,  from  7  to 
12  lb.,  by  passing  the  steam  through  a  simple  engine  designed  to 
operate  under  a  back  pressure  of  7  to  12  lb.  Now  under  those 
conditions,  a  simple  engine  wotdd  not  be  particularly  economical, 
as  we  know,  but  looking  at  the  matter  from  the  standpoint  of 
thermodynamics,  and  considering  the  amount  of  energy  ab- 
stracted from  that  steam  in  being  thus  "  throttled  "  from  150 
lb.  pressure  down  to  about  10  lb.  pressure,  while  passing  thmugh 
the  engine  cylinder,  one  finds  that  the  steam  loses  only  a  very 
small  percentage  of  its  total  energy,  (the  actual  theoretical 
loss  is  only  about  3  per  cent  for  the  above  conditions);  and 
yet  in  falling  by  expansion  from  150  lb.  to  10  lb.,  it  is  capable 
of  generating  a  great  amoimt  of  power.  The  plant  was  in- 
stalled and  was  a  great  success.  It  has  been  running  more  than 
15  years,  developing  somewhere  between  1500  and  2000  h.p., 
through  engines  operating  direct-connected  dynamos  which 
supply  electrical  energy  sufficient  to  operate  the  lighting  system 
and  for  all  the  electric  motors  of  various  sizes  required  in  the 
different  buildings.  In  a  case  like  this  the  cost  of  fuel  and  boiler 
room  attendance  are  reduced  to  an  insignificant  amount.  The 
only  items  that  enter  materially  into  the  cost  of  the  electric 
power  are  the  cost  of  engine  and  dynamo  attendance,  and  the 
fixed  charges  on  the  cost  and  also  the  maintenance  of  the  engines, 
generators,  dynamo  leads  and  switchboard;  and  considering 
the  large  output  obtainable  from  the  plant,  it  is  apparent  that 
the  cost  of  electrical  energy  per  kilowatt-hour  must  be  very 
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small.  That  concern  is  one  of  the  few  in  New  York  City  that 
can  afford  to  use  electricity  for  cooking.  It  literally  has  elec- 
tricity to  bum.  An  electrical  cooking  installation  was  put  in 
which  has  been  in  operation  since  the  plant  was  started,  and 
which  serves  daily  for  cooking  the  lunch  for  a  large  force  of  men, 
composed  of  the  heads  of  various  departments.  My  recollec- 
tion is  that  the  cost  of  electric  current  was  somewhere  around 
2  or  3  mills  per  kw-hr.  It  would,  of  course,  have  been  impossible 
for  any  central  station  plant  to  compete  with  such  an  isolated 
plant. 

There  are  many  other  cases  where  the  isolated  plant  proves 
to  be  cheaper  for  the  consumer  than  the  central  station  current 
supply.  I  have  found  this  to  be  true  in  scores  of  cases,  as  in 
large  office  buildings,  where  steam  heating  is  required  during 
many  months.  Mr.  Lincoln  says  that  no  heating  is  required 
for  more  than  half  the  year.  My  own  experience  leads  me  to 
a  different  conclusion.  In  these  latitudes,  one  must  figure  on 
heat  being  required  in  a  building  for  at  least  seven  months. 
Most  of  the  time  during  that  period,  the  fuel  consumption  which 
is  properly  chargeable  to  the  electrical  service  when  high  pres- 
sure steam  is  used,  and  the  cylinder  of  an  engine  is  employed  as 
a  throttling  valve  to  bring  the  steam  pressure  down  to  three 
or  five  poimds,  is  small  because,  as  already  seen,  the  energy  ab- 
stracted from  the  steam  by  that  throttling  process  is  very  small. 
Even  assuming  that  there  may  be  a  certain  time  dtuing  the  24 
hours  of  the  day  when  one  must  use  steam  that  is  not  chargeable 
to  the  heating  system,  yet  the  total  cost  of  the  coal  and  of  the 
boiler  room  attendance  chargeable  to  the  electric  service  in  the 
winter  months  is  very  small.  This  matter  has  been  investigated 
by  me,  or  imder  my  direction,  in  many  scores  of  cases.  In  some 
instances  we  have  been  able  to  corroborate  the  conclusions  of 
our  investigations.  There  were  cases  where  the  current  had 
been  supplied  from  a  central  station  and  retiuti  was  made  to 
the  isolated  plant,  In  other  words,  we  have  had  cases  where 
the  same  building  has  been  operated  under  the  same  conditions, 
both  by  current  from  a  central  station  and  by  current  from  its 
own  isolated  plant.  We  have  also  had  cases  where  the  steam 
for  heating  as  well  as  for  power  was  taken  from  the  central  station 
in  New  York  which  furnishes  steatn  to  consumers  through  under- 
ground mains.  We  have  been  able  to  make  comparisons  of 
cost  in  instances  where  an  abundance  of  good  and  reliable  data 
was  available  to  enable  us  to  check  up  the  results  and  conclu- 
sions very  carefully.  One  interesting  instance  was  the  building 
in  which  my  office  was  located  for  a  ntmiber  of  years.  In  this 
case  the  isolated  plant,  after  being  operated  for  a  certain  period 
of  years,  was  stopped.  Electric  current  was  taken  from  a  central 
station  and  steam  for  heating  was  taken  from  the  underground 
steam  mains.  The  total  cost  of  the  service  proved  to  be  con- 
siderably higher  than  expected,  and  eventually  a  return  was  made 
to  the  isolated  plant,  which  has  since  then  remained  in  operation. 
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A  careful  study  of  the  facts  and  figures,  taking  into  consideration 
every  factor  bearing  on  the  case,  including  depreciation,  ob- 
solescence, rental  value  of  space,  and  all  like  conditions,  showed 
that  it  cost  the  building  less  to  produce  its  own  supply  of  elec- 
tricity and  steam  than  to  take  it  from  the  street  mains. 

I  think  that  Mr.  Eglin's  remarks  in  regard  to  lamp  economy 
have  an  important  bearing  upon  this  situation.  It  now  seems 
possible  that  we  shall  be  able  to  reduce  the  lighting  load  of  a 
plant  to  a  great  extent  with  lamps  giving  a  candle  power  with 
i  watt.  Under  those  circumstances,  the  electric  load,  especially 
in  buildings  where  electric  current  is  used  almost  entirely  for 
lighting,  wll  be  greatly  reduced.  While  this  does  not  make 
much  difference  in  the  winter  months,  yet  it  will  make  consider- 
able difference  in  the  summer  months,  because  the  expenses 
which  are  fixed,  such  as  the  cost  of  labor,  interest  on  plant,  etc., 
then  become  relatively  large  and  increase  the  cost  per  kw-hr. 
materially.  Under  those  circumstances,  the  isolated  plant, 
while  still  effecting  a  saving  during  the  winter  months,  might 
represent  a  loss  during  the  summer  months.  I  therefore  expect 
that  the  improvement  in  efficiency  of  incandescent  lamps  will 
help  to  bring  about  the  gradual  elimination  of  isolated  plants. 

I  am  in  accord  with  the  feeling  that  the  number  of  isolated 
plants  will  go  on  diminishing.  It  seems  to  be  in  harmony  with 
the  nature  of  things,  and  with  the  principles  which  Mr.  Lincoln 
has  so  clearly  set  forth  in  the  first  part  of  his  paper.  I  cannot 
quite  assent  to  the  proposition  that  they  can  be  all  eliminated 
at  the  present  time.  It  is  my  belief  that  there  are  many,  in- 
deed thousands  of  cases,  where  the  isolated  plant  is  still  cheaper 
than  the  central  station.  I  would  not  say,  however,  that  the 
time  will  not  come  when  we  may  speak  of  an  isolated  plant  as 
having  been  relegated  to  the  musetmi  of  ancient  things. 

M.  G.  Lloyd :  As  one  engaged  in  a  weekly  endeavor  to  demon- 
strate the  desirability  and  feasibility  of  central-station  service 
I  have  been  much  interested  in  Mr.  Lincoln's  paper.  He  has 
demonstrated  his  main  thesis,  viz.,  that  power  can  be  generated 
at  less  cost  in  a  large  plant  than  it  can  in  a  small  plant,  but  as 
he  grants  in  the  last  two  pages  of  his  paper,  that  is  not  all  there 
is  to  the  question  of  instalHng  central-station  service. 

I  am  sorry  we  have  not  more  figures  on  the  question  of  what 
the  cost  of  distribution  is,  as  I  believe  it  to  be  a  much  more 
important  item  than  the  author  has  indicated.  I  think  I  re- 
member that  a  representative  of  the  Baltimore  central  station 
at  one  of  our  former  meetings  made  the  statement  that  the  in- 
vestment in  the  distribution  plant  in  that  city  was  greater  than 
in  the  generating  plant.  In  Chicago  this  is  imdoubtedly  true 
and  the  distribution  system  there  has  probably  cost  30  or  40 
per  cent  more  than  the  generating  plant.  Consequently  the 
fixed  charges  on  this  portion  of  the  investment  are  greater  than  the 
fixed  charges  upon  the  investment  for  power  house  and  there 
will  also  be  an  operating  expense  for  distribution  which  will 


Digitized  by 


Google 


19131  DISCUSSION  AT  PHILADELPHIA  2001 

cover  the  power  loss  in  cables  and  maintenance  cost  for  this  por- 
tion of  the  system.  This  results  in  an  important  item  of  the 
total  cost  which  the  isolated  plant  does  not  have  to  include  in 
its  computation. 

One  of  the  standard  arguments  for  the  isolated  plant  is  the 
economy  of  combining  the  use  of  steam  for  heating  and  for 
power  generation.  Mr.  Mailloux  has  already  shown  that  there 
are  cases  where  that  is  sufficiently  advantageous  to  over-balance 
any  advantage  the  central  station  may  have  in  other  respects. 
Mr.  Lincoln  has  rather  weakened  his  argument  on  this  point 
by  limiting  the  period  during  which  buildings  require  heating 
to  six  months;  in  my  territory  (Chicago)  heating  is  required  for 
fully  eight  months.  While  heating  is  not  actually  required  every 
day  during  this  period  it  is  necessary  to  have  steam  up  and  ready 
to  turn  on  in  case  of  a  sudden  turn  to  cold  weather.  It  is  true 
that  the  load  curve  for  heating  is,  however,  not  coincident  with 
the  load  curve  for  power,  but  that  does  not  affect  the  question 
of  cost  so  much  as  the  point  of  whether  the  peak  loads  coincide. 
Mr.  Lincoln  claims  that  the  heating  load  in  many  instances 
falls  off  entirely  before  the  power  peak  comes  on  between  5 
and  6  p.  m.  This  is  not  true  of  office  buildings,  which  must  be 
heated  well  into  the  evening. 

I  should  like  to  take  exception  to  one  minor  point  in  the  paper 
where  diversity  factor  is  referred  to.  In  order  to  have  a  diver- 
sity factor  of  unity  the  author  claims  that  the  loads  must  be 
proportional  at  all  times.  I  do  not  think  that  statement  can 
be  upheld,  because  even  though  the  load  curves  may  be  en- 
tirely different  in  two  plants  having  the  maximimi  in  each  case 
at  the  same  time  there  is  no  diversity  since  the  generating  equip- 
ment must  be  sufficient  to  supply  that  maximtun  and  the  di- 
versity factor  will  be  unity,  although  the  load  factors  of  the 
two  plants  are  entirely  different. 

C^tral-station  solicitors  realize  that  if  their  business  depended 
only  on  the  three  main  propositions  brought  out  in  Mr.  Lincoln's 
paper  they  would  have  no  difficulty  in  getting  all  the  customers 
that  were  solicited.  Other  points  have  to  be  met,  however, 
and  while  it  may  not  have  been  within  the  province  of  Mr. 
Lincoln's  paper  to  discuss  these,  still  they  must  be  considered 
with  respect  to  central-station  service.  His  arguments  are 
getting  stronger  every  day,  owing  to  the  ever-increasing  size 
of  the  central  station,  and  its  imits,  which  are  now  up  to  the  point 
of  20,000  to  35,000  kilowatts.  The  central-station  man  can 
make  his  case  stronger  in  every  instance  where  he  has  the  best 
of  the  argument  if  he  realizes  fully  the  argiunents  upon  the  other 
side  and  is  free  to  admit  that  there  are  cases  where  the  central 
station  cannot  compete  with  the  isolated  plant. 

C.  O.  Mailloux:  I  think  that  the  previous  speaker  overesti- 
mates the  importance  of  the  increasing  size  of  the  central  station 
units.  The  total  cost  of  delivering  the  service  from  the  central 
station  is  not  made  up  of  the  central  station  cost  plus  fixed 
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charges,  but  is  made  up  of  the  total  central  station  cost  plus 
the  cost  of  delivery.  Now  the  cost  of  delivery,  it  happens,  is 
very  much  greater  than  the  cost  of  producing  the  energy.  The 
most  that  can  be  expected  as  the  result  of  increase  in  size  of  the 
tmits  is  an  economy  of  a  few  mills  per  kilowatt-hour.  If  the 
cost  of  electrical  energy  at  the  busbars  in  the  central  station 
is,  let  us  say,  55  mills  per  kw-hr.  we  may  be  able  to  get  it  down 
to  45  mills  or  even  to  35  mills.  There  is  an  "asymptotic"  value 
somewhere,  which  is  probably  between  three-tenths  and  four- 
tenths  of  a  cent.  To  this  must  be  added  the  cost  of  transmission 
and  distribution.  The  further  economies  realizable  must  be 
eflFected  mostly  in  the  cost  of  distributing  the  electrical  energy 
supplied  to  the  consumer,  which  is  never  less  than  0.5  cent  to 
points  nearby,  and  it  may  be  two,  three  or  four  cents  to  remote 
points. 

It  seems  to  me  that  we  cannot  hope  for  much  from  the  in- 
creased economies  resulting  from  the  increased  efficiencies  in  the 
central  station.  In  a  case  where  the  bulk  of  the  cost  is  for  electric 
power  (for  electric  elevators,  ventilation,  etc.),  the  conditions 
will  nit  be  more  favorable  to  the  central  station,  but  more  likely 
will  be  less  so.  The  conditions  which  may  make  a  great  decrease 
in  the  load  of  the  isolated  plant  will  arise  especially  in  cases 
where  the  bulk  of  the  service  is  for  lighting. 

J.  P.  Jackson:  Many  plants  that  you  would  consider  com- 
petitive in  any  way,  may  be  so  small  that  it  would  not  pay  to 
put  in  feed-water  heaters,  etc.  But  I  judge  that  with  any  plant 
so  small  that  it  would  not  need  such  auxiliaries,  there  is  no  ques- 
tion but  that  it  would  be  more  economical  to  go  to  the  central 
station  for  power.  Certainly  very  small  primary  power  genera- 
tion units  are  as  a  rule  very  imdesirable,  when  central  station 
power  can  be  obtained  at  suitable  rates. 

I  would  like  to  emphasize  Mr.  EgUn's  statement  about  the 
depreciation  in  figuring  out  the  cost  to  an  isolated  plant.  The 
specialist  emphasizes  the  necessity  of  improving  everything. 
I  imagine  the  man  who  puts  up  the  money  in  the  plant  sees 
very  dimly  that  the  actual  plant  is  decreasing  or  depreciating 
due  to  the  improvement  of  the  art.  His  plant  is  running  all 
right,  and  he  does  not  like  to  be  told  that  it  is  depreciating  on 
account  of  advance  in  the  art. 

There  is  another  thing  I  believe  it  is  worth  while  to  mention 
specifically  and  that  is  the  lucid,  clear  statement  of  these  subjects 
which  our  friend  Mr.  Lincoln  uses.  He  has  an  extraordin- 
ary way  of  putting  things,  so  that  a  layman,  like  some  of  us, 
can  understand  what  he  is  saying.  I  believe  if  the  engineers 
would  confine  themselves  to  a  simple,  clear,  intelligible  statement 
of  the  principles  of  science  and  engineering,  that  engineering 
would  advance  with  greater  rapidity  than  otherwise. 

Finally,  permit  me  to  say  that  I  am  on  the  side  of  the  central 
station.  I  believe  the  central  station  is  bound  to  be  the  great 
source  of  power  in  the  world;  but  I  also  believe  with  Mr.  Mail- 
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loux,  that  each  case  must  be  studied  out  on  its  merits,  and  no 
general  statement  of  the  facts  should  be  accepted.  Mr.  Mailloux 
is  right,  that  buildings  having  lighting,  heating  and  other  loads 
to  carry  might  be  different  in  their  relative  conditions  from  others. 

G.  J.  Blum:  It  seems  to  me  that  the  discussion  has  brought 
out  a  point  worth  considering  and  that  is  that  the  central  sta- 
tions while  trying,  so  to  speak,  to  get  nearer  to  their  custontier, 
are  in  reality  getting  further  away  from  him.  I  refer  to  the 
concentration  of  generating  equipment  in  a  very  few  very  large 
power  houses  which  in  many  cases  are  located  at  an  average 
great  distance  from  the  points  of  greatest  load,  thus  entailing 
high  fixed  and  high  maintainance  charges  on  distribution  eqtiip- 
ment. 

A  reasonable  increase  in  the  number  of  generating  stations  so 
located  in  reference  to  load  centers  as  to  reduce  line  losses  and 
cable  troubles  to  a  minimum  and  to  make  possible  an  alternative 
selection  at  the  substations,  especially  the  large  industrial  sub- 
stations referred  to  tonight,  in  case  of  trouble  on  any  particular 
feeder,  would  in  the  speaker's  opinion  make  much  more  remote 
the  possibility  of  any  interruption  of  industrial  service  dependent 
on  central  station  supply.  The  matter  of  steam  heating  service 
from  such  central  stations  would  further  suggest  itself  as  a  pos- 
sible source  of  revenue. 

I  think  it  is  along  these  lines  that  thought  might  be  directed 
by  those  men  responsible  for  the  most  profitable  operation  of 
the  central  station. 

P.  M.  Lincoln:  The  point  is  well  made  by  Mr.  Homor  and 
Mr.  Eglin,  that  the  central  station  not  only  must  show  economy 
in  serving  a  new  customer  but  that  often  in  the  case  of  an  exist- 
ing isolated  plant,  the  central  station  must  have  charged  against 
it  the  fixed  charges  on  the  plant  that  is  displaced  by  the  use  of 
central  station  power.  It  is  an  endeavor  to  show  a  saving 
after  a  scrapping  of  the  old  plant  which  breaks  the  back  of  the 
central  station. 

The  paper  I  have  prepared  necessarily  deals  with  generalities, 
and  contemplates  the  conditions  necessary  to  compete  when  no 
isolated  plant  exists.  When  we  deal  with  the  conditions  of  an 
isolated  plant  already  built,  the  margin  in  favor  of  central 
station  power  is  much  reduced  and  sometimes  wiped  out. 

Mr.  Eglin  mentions  the  fact  that  carbon  lamps  were  scarcely 
seen  abroad  while  very  frequently  used  in  this  cotmtry;  and  I 
looked  at  the  lights  used  in  this  room  and  I  find  they  are  carbon 
lamps.  Here  is  a  case  in  point  where  carbon  lamps  are  in  use, 
and  where  tungsten  lamps  would  undoubtedly  save  a  considerable 
amount. 

Mr.  Stevens  has  asked  a  question  as  to  the  possible  competition 
between  central  station  plants  and  isolated  plants  that  use  oil 
or  natiual  gas  for  fuel.  The  best  answer  I  know  of  to  that  is 
to  point  to  the  scarcity  of  such  oil  and  gas  plants.  Theoretically 
the  Diesel  engine  or  the  gas  engine  can  do  better  than  the  cen- 


Digitized  by 


Google 


2004  POWER  COST  [Oct.  13 

tral  station  steam  plant  in  the  matter  of  thermal  efficiency. 
However,  the  handicap  against  them  in  other  directions  is  such 
that  they  have  made  comparatively  little  headway. 

Mr.  Mailloux  cites  a  case  where  the  central  station  plant 
would  have  no  chance  at  all.  His  sugar  refinery  required  large 
quantities  of  steam  for  the  vacuum  pans  for  evaporating,  and 
there  was  consequently  a  large  boiler  plant,  and  the  small 
percentage  of  steam  that  was  taken  in  generating  the  power 
made  the  power  cost  comparatively  slight.  It  takes  very  little 
more  heat  to  turn  out  steam  at  150  lb.  pressure  than  it  does  at 
15  lb.  and  the  power  that  can  be  obtained  in  throttling  down 
from  150  lb.  to  15  lb.  is  a  by-product  which  costs  practically 
nothing.  In  that  case  I  do  not  think  central-station  power 
would  stand  a  ghost  of  a  show. 

I  note  my  estimate  of  the  time  during  which  heat  for  buildings 
is  required  is  questioned.  My  estimate  was  based  on  conditions 
as  they  exist  in  my  own  house.  I  start  my  furnace  about 
October  15th  and  stop  about  April  15th.  If  I  should  count 
from  the  time  it  is  first  started  to  the  time  when  it  is  last  used, 
it  might  be  somewhat  more  than  six  months;  but  there  are  warm 
fall  days  and  warm  spring  days  when  the  furnace  is  not  required. 
Now  the  requirement  for  heating  in  the  usual  building  in  the 
main  covers  about  the  same  period  of  time.  There  is  a  further 
fact  which  I  did  not  emphasize  in  my  paper,  that  the  maximum 
heat  requirements  for  zero  weather  are  tremendously  greater 
than  the  average.  This  fact  entails  a  very  decided  adcfitional 
difficulty  in  using  the  same  steam  for  both  heat  and  power. 

In  answer  to  the  comments  of  Mr.  Mailloux  and  other  gentle- 
men, let  me  point  out  the  first  of  the  requirements  I  set  forth 
in  the  last  page  of  my  paper;  I  there  call  attention  to  two  reasons 
why  central-station  power  might  not  be  used  to  supply  all  of 
the  electrical  service  within  legitimate  reach  of  their  distributing 
systems.  The  first  of  those  reasons  is,  that  the  rate  offered 
by  the  central  station  does  not  bear  a  suitable  relation  to  the 
cost  of  the  service  to  be  supplied.  I  believe  that  the  increased 
use  of  central  station  power  that  will  surely  come  as  time  goes 
on  will  reduce  its  cost  very  considerably  from  what  it  has 
been  in  the  past. 

Mr.  Lloyd  mentions  the  fact  that  the  cost  of  distributing  cen- 
tral station  power  is  very  considerable,  which  is  true.  In  one 
case  I  figured  the  distributing  cost  ran  from  60  to  70  per  cent  as 
much  as  the  cost  of  the  power  itself.  But  that  cost  enters  into 
fixed  charges  only.  The  distributing  system  "  eats  no  coal  " 
except  what  may  be  due  to  the  losses  therein,  wTiich  are 
comparatively  small.  The  additional  cost  of  central  station 
power  on  accoimt  of  distribution  is  not  sufficient,  in  general, 
to  justify  the  isolated  plant. 


Digitized  by 


Google 


PvumaU  ol  tk§  ChUat0  SmHou  HuUng  o/ 
tkM  Amtriean  ItutituU  qf  BUctHcd  Rngiuurs, 
Chicago,  lU.,    October  29.  1013. 

Copyright  1913.  By  A.I.B.B. 


INSTABILITY  OF  ELECTRIC  CIRCUITS 


BY  CHARLES  P.  STEINMETZ 


During  the  earlier  days  of  electrical  engineering  practically 
all  theoretical  investigations  were  limited  to  circtdts  in 
stable  or  stationary  condition,  and  where  phenomena  of  insta- 
bility occurred,  and  made  themselves  felt  as  disturbances  or 
troubles  in  electric  circuits,  they  either  remained  not  understood, 
or  the  theoretical  study  was  limited  to  the  specific  phenomenon, 
as  in  the  cases  of  lightning,  dropping  out  of  step  of  induction 
motors,  hunting  of  synchronous  machines,  etc.,  or,  as  in  the 
design  of  arc  lamps  and  arc  lighting  machinery,  the  opinion 
prevailed  that  theoretical  calculations  were  impossible  and  that 
design  by  trial  only,  based  on  practical  experience,  was  feasible. 

The  first  class  of  unstable  phenomena  which  was  systemat- 
ically investigated,  was  the  transients,  and  even  today  it  is 
questionable  whether  a  systematic  theoretical  classification 
and  investigation  of  the  conditions  of  instability  in  electric 
circuits  is  yet  feasible.  Only  a  preliminary  classification  and 
discussion  of  such  phenomena  will  be  attempted  in  the  following. 

Three  main  types  of  instability  in  electric  systems  may  be 
distinguished: 

1.  The  transients  of  readjustment  to  changed  circuit  con- 
ditions. 

2.  Unstable  electrical  equilibrium;  that  is,  the  condition  in 
which  the  effect  of  a  cause  increases  the  cause. 

3.  Permanent  instability  resulting  from  a  combination  of 
circuit  constants  which  cannot  co-exist. 

(1)    Transients 
Transients  are  the  phenomena  which  occur  at  the  change  of 
circuit  conditions,  when  current,  voltage,  etc.,  readjust  them- 
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selves  from  the  values  corresponding  to  the  previous  condition 
to  the  values  corresponding  to  the  new  condition  of  the  circuit. 
For  instance,  if  a  switch  is  closed,  and  thereby  a  load  put  on  the 
circuit,  the  current  cannot  instantly  increase  to  the  value  cor- 
responding to  the  increased  load,  but  some  time  elapses,  during 
which  the  increase  of  the  stored  magnetic  energy,  corresponding 
to  the  increased  current,  is  brought  about.  Or,  if  a  motor  switch 
is  closed,  a  period  of  acceleration  intervenes  before  the  flow  of 
current  becomes  stationary,  etc. 

The  characteristic  of  transients  therefore  is,  as  impHed  in  the 
term,  that  they  are  of  limited,  and  usually  of  very  short  duration, 
intervening  between  two  periods  of  stable  conditions. 

Considerable  theoretical  work  has  been  done,  more  or  less 
systematically,  on  transients,  and  a  great  mass  of  information 
is  thus  available  in  the  literature.  However,  to  some  extent, 
the  transients  of  our  theoretical  literature  are  still  those  of  the 
"phantom  circuit";  that  is,  a  circuit  in  which  the  constants 
^f  Lf  C,  ^,  are  assumed  as  constant.  The  effect  of  the  variation 
of  constants,  as  found  more  or  less  in  actual  circuits,  viz.,  the 
change  of  L  with  the  current  in  circuits  containing  iron;  the 
change  of  C  and  g  with  the  voltage  (corona,  etc.) ;  the  change 
of  r  and  g  with  the  frequency,  etc.,  has  been  studied  to  a  limited 
extent  only,  and  in  specific  cases. 

In  the  application  of  the  theory  of  transients  to  actual  electric 
circuits,  considerable  judgment  is  thus  often  necessary  to  allow 
and  correct  for  these  ''secondary"  phenomena  which  are  not 
included  in  the  theoretical  equations. 

Especially  deficient  is  our  knowledge  ot  the  conditions  under 
which  the  attenuation  constant  of  a  transient  becomes  zero  or 
negative,  and  the  transient  thereby  becomes  permanent,  or  be- 
comes a  cumulative  surge,  and  the  phenomenon  thereby  is  taken 
out  of  group  one  and  falls  under  group  three  or  group  two  of 
unstable  systems. 

(2)  Unstable  Electrical  Equilibrium 
If  the  effect  brought  about  by  a  cause  is  such  as  to  oppose  or 
reduce  the  cause,  the  effect  must  limit  itself  and  stability  be 
finally  reached.  If,  however,  the  effect  brought  about  by  a 
cause  increases  the  cause,  the  effect  continues  with  increasing 
intensity,  that  is,  instability  results. 

This  applies  not  to  electrical  phenomena  alone,  but  equally 
*—  -M  other  phenomena. 
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For  instance,  if  in  a  motor,  by  increase  of  load,  the  torque 
becomes  less  than  the  load,  the  motor  slows  down.  If  now  the 
decrease  of  speed  of  the  motor  increases  the  motor  torque — ^as 
in  a  series  motor — ^the  decrease  of  speed  stops  at  the  speed  at 
which  the  motor  torque  has  become  equal  to  the  load.  Thus, 
the  decrease  of  speed  limits  itself,  and  a  stable  condition  is 
restored  at  a  lower  speed.  If,  however,  the  decrease  of  speed 
of  the  motor  decreases  the  motor  torque — as  in  an  induction 
motor  below  the  maximum  torque  point — the  decrease  of  the 
motor  speed  causes  a  still  greater  reduction  of  the  motor  torque 
below  the  load,  and,  therefore,  a  still  greater  slowing  down  of 
the  motor,  and  thus  with  increasing  rapidity  the  motor  speed 
decreases  until  the  motor  stops;  a  condition  of  unstable  equi- 
librium. 

Such  instability  is  usually  the  result  of  the  system;  that  is, 
the  cofnbination  of  elements,  but  is  not  inherent  in  any  of  the 
elements.  For  example,  in  the  above  instance  of  the  induction 
motor,  while  the  part  of  the  induction  motor  speed-torque 
curve  below  the  maximum  torque  is  often  called  the  "unstable 
branch",  this  is  true  only  relatively.  If,  with  the  decrease  of 
the  speed  of  the  motor  due  to  an  increased  load,  the  load  would 
also  decrease,  and  if  the  load  should  decrease  with  the  speed 
at  a  faster  rate  than  the  motor  torque  decreases,  (fans,  ship 
propellers),  the  decrease  of  speed  would  limit  itself;  that  is, 
the  condition  would  be  stable. 

To  illustrate  more  fully,  in  Fig.  1  are  shown  the  speed-torque 
curves  of  an  induction  motor  for  various  values  of  constant 
impressed  voltage,  Ci,  e^y  6% e%. 

With  a  load  requiring  the  same  constant  torque  at  all  speeds, 
i4,  in  Fig.  1,  the  motor  could  not  nm  at  all  at  voltages  ti  and  «i. 
At  voltages  e-t  and  e%  the  motor  would  start  and  run  up  to  a 
speed  near  synchronism,  where  it  is  stable.  At  voltages  €%  to  e% 
the  motor  torque  equals  the  load  at  two  speeds,  ai  and  Oa,  on 
the  curve  d.  The  higher  one  of  these  is  stable,  the  lower  un- 
stable. From  any  speed  above  a%  the  motor  speeds  up  to  ai. 
From  any  speed  belcTw  a2,  it  slows  down  to  a  standstill.  All 
the  speeds  below  that  corresponding  to  the  maximum  torque 
point  Co  are  unstable  with  this  character  of  load  and  cannot 
persist,  but  the  motor  either  accelerates  and  runs  up  to  above  jq 
or  slows  down  to  standstill. 

With  a  load  requiring  a  torque  proportionate  to  the  speed, 
5,  in  Fig.  1  (electric  generator  with  constant  field  excitation 
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and  constant  resistance  of  load),  the  motor  always  starts,  but 
for  volt^^es  ei  to  €%  never  can  run  above  a  low  speed  (where  the 
current  is  high  and  the  efficiency  and  power  factor  low).  For 
voltages  of  e%  and  above,  the  motor  starts  and  runs  up  to  a  speed 
near  synchronism.  For  voltage  e^  three  points  exist,  61,  6t,  61, 
where  the  motor  torque  equals  the  load;  61  and  fti  are  stable, 
62  unstable.  From  below  bt  the  motor  slows  down  to  ft|.  From 
above  bt  it  speeds  up  to  61.    The  motor  curve  now  has  an  un- 
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Fig.  1 — Speed-Torque  Curves  of  Induction  Motor 


stable  branch  between  the  speeds  st  and  5i  (corresponding  to 
the  two  points  of  contact,  c%  and  Ci,  of  the  motor  torque  with 
tangents  from  the  origin,  which  for  the  sake  of  clearness  have 
been  illustrated  on  curve  ^2),  and  two  stable  branches  below  Si 
and  above  si. 

With  a  load  requiring  a  torque  proportional  to  the  square  of 
the  speed,  C,  in  Fig.  1  (fan,  ship  propeller),  instability  does  not 
exist,  but  the  conditions  are  always  stable  over  the  entire  range 
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of  the  speed-torque  curve  of  the  motor,  and  the  motor  always 
starts  and  runs  up  to  a  definite  speed,  which  is  the  only  speed 
at  which  the  motor  can  carry  the  particular  load.  With  other 
shapes  of  motor  torque  ciuves — as  those  due  to  a  drop  of  supply 
voltage  with  a  decrease  of  speed — ^an  unstable  range  may  appear 
between  two  stable  ranges,  and  in  the  case  C  also. 

Probably  the  most  important  case  of  unstable  electrical 
equilibrixun  is  afforded  by  circuits  containing  an  arc.  It  is 
the  determining  feature  in  the  design  of  arc  lamps,  circuits  and 
machinery,  and  is  possibly  responsible  for  more  disturbances  in 
electric  circuits  than  any  other  phenomenon. 

The  voltage  consumed  by  an  arc  decreases  with  increase  of 
current,  as  shown  by  curve  -4,  in  Fig.  2.  If  then  the  arc  is  oper- 
ated from  a  supply  circuit  of  constant  voltage,  «oi  Fig.  2,  and  r  is 
the  resistance  of  this  supply  circuit  outside  of  the  arc,  the  volt- 
age consumed  by  the  resistance  r  i,  is  shown  by  £,  in  Fig.  2,  and 
the  total  voltage  of  arc  and  resistance  derived  by  adding  A  and 
B  is  given  by  C,  in  Fig.  2.  As  seen,  two  values  of  current 
exist,  ii  and  is,  at  which  the  arc  could  operate  in  this  circuit. 
The  higher  current  *i  is  stable,  the  lower  current  *i,  is  unstable, 
and  the  branch  of  the  curve  C  below  the  minimum  point  io  is 
unstable;  that  above  to  is  stable. 

On  a  constant-current  circuit  the  arc  at  atmospheric  pressure 
is  stable. 

Inversely,  with  the  mercury  arc  in  a  vacuimi,  as  the  quartz 
lamp,  instability  may  appear  under  certain  conditions  on  a 
constant-current  circuit,  as  the  result  of  the  relation  of  tempera- 
ture and  voltage.  Increasing  temperature  increases  the  vapor 
pressure,  and  with  it  the  voltage,  and  thus,  on  constant  current, 
the  power  consumed  by  the  vacuum  arc.  Increasing  power 
constunption,  however,  increases  the  temperature,  and  thereby 
the  voltage,  and  so  on,  and  if  the  rate  of  temperature  rise,  due 
to  increasing  voltage,  is  greater  than  the  rate  of  voltage  rise  due 
to  increasing  temperature,  instability  results,  and  the  arc  runs 
away;  otherwise  it  is  stable. 

Similar  phenomena,  as  shown  by  the  arc,  are  exhibited  by 
some  solid  conductors,  which,  in  a  certain  temperature  range, 
have  a  very  high  temperature  coefficient;  so-called  "pyro-elec- 
trolytes".  A  typical  volt-ampere  curve  of  such  a  conductor  is 
shown  in  Fig.  3.  As  seen,  at  voltage  Co  three  values  of  current 
are  possible,  ii,  it,  and  u.  Of  these  the  low  and  the  high  ones 
are  stable,  the  intermediate  one  it  unstable,  and  so  is  the  entire 
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range  between  io  &nd  i^'y  the  maximum  and  the  minimum  of  the 
volt-ampere  characteristic. 

The  Nemst  lamp  glower  is  such  a  pyro-electrolyte,  and  its 
operating  current  is  on  the  tmstable  branch  of  the  character- 
istic, therefore  a  steadying  resistance  or  reactance  is  required, 
just  as  with  an  arc  on  constant  voltage  supply.  Most  of  these 
conductors  are  chemical  compoimds,  and  at  higher  currents, 
and  thus  temperatures,  their  conduction  becomes  electrolytic. 
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Fig.  2 — Voltage  of  Arc 


However,  some  elementary  substances,  as  boron  and  silicon, 
also  belong  to  this  class  of  conductors. 


(3)     Permanent  Instability 

If  the  constants  of  an  electric  circuit,  as  resistance,  inductance, 
capacity,  disruptive  strength,  impressed  voltage,  etc.,  have 
values  which  cannot  co-exist,  the  circuit  is  unstable,  and  re- 
mains so  as  long  as  these  constants  remain  unchanged.  Such 
instability  usually  leads  to  phenomena  which  are  more  or  less 
periodic  or  intermittent. 

The  nature  of  these  phenomena  of  permanent  instability  is 
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best  shown  by  an  example  illustrated  in  Pig.  4.  Let  A  and  B  be 
two  conductors  of  an  ungrounded  high-potential  transmission 
line,  and  2e  the  voltage  impressed  between  these  two  conductors. 
Let  C  represent  the  ground. 

The  capacity  of  the  conductors  A  and  B  against  ground  may 
then  be  represented  diagrammatically  by  two  condensers  Ci  =  d, 
and  the  voltages  from  the  lines  to  ground  by  e\  and  «i.  In 
general,  the  two  line  capacities  are  equal:  Ci  =Ci,  and  the 
two  voltages  to   groimd    thus    equal  also:  «i  =  Cj  =  «  with  a 

2  e 
single-phase,  and  =  — -^  with  a  three-phase  line. 

Assume  now  that  a  ground  P  is  brought  oear  one  of  the  lines 
A ,  but  within  the  striking  distance  of  the  voltage  e,     A  discharge 
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Fig.  3 — Volt-Ampbrb  Curve  of  "  Pyro-Elbctrolytb  " 


then  occurs  over  the  conductor  P.  Such  may  occur  by  the 
puncture  of  a  line  insulator,  as  is  not  infrequently  the  case.  Let 
f  —  resistance  of  the  discharge  path  P.  While  without  this 
discharge  path,  the  voltage  between  A  and  C  would  be  Ci  —  e 
(assuming  a  single-phase  circuit),  with  a  grounded  conductor 
P  approaching  line  A  within  striking  distance  of  voltage  «,  a 
discharge  occurs  over  P,  forming  an  arc,  and  the  circuit  of  the 
impressed  voltage  2e  now  comprises  the  condenser  d  in  series 
to  the  multiple  circuit  of  condenser  Ci  and  arc  P,  and  the  con- 
denser Ci  rapidly  discharges,  voltage  ei  decreases,  and  the  voltage 
Ci  increases.  With  a  decrease  of  voltage  d,  the  discharge  cur- 
rent *  also  decreases,  and  the  voltage  consumed  by  the  discharge 
arc  e'  increases  until  the  two  voltages,  e\  and  e',  cross,  as  shown 
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in  the  curve  diagram  of  Fig.  4.  At  this  moment  the  current  i 
in  the  arc  vanishes,  the  arc  ceases,  and  the  shunt  of  the  conden- 
ser C\  formed  by  the  discharge  over  P  thus  ceases.  The  voltage 
d  then  rises,  et  decreases,  and  the  two  voltages  tend  toward 
equality,  «i  =  «»  =  e.  Before  this  point  is  reached,  however, 
the  voltage  Ci  has  passed  the  disruptive  strength  of  the  discharge 
gap  -P,  the  discharge  by  the  arc  over  P  again  starts,  and  the 
cycle  thus  repeats  indefinitely. 

In  Fig.  4  are  diagrammatically  sketched  voltage  e\  of  condenser 
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Fig.  4 — Illustrating  Condition  of  Pbrmanbnt  Instability 


Ci,  the  voltage  e'  consumed  by  the  discharge  arc  over  P,  and  the 
current  *  of  this  arc,  under  the  assumption  that  r  is  suflSdently 
high  to  make  the  discharge  non-oscillatory.  If  r  is  small  each 
of  these  successive  discharges  is  an  oscillation. 

Such  an  unstable  circuit  gives  a  continuous  series  of  succes- 
sive discharges,  which  are  single  impulses,  as  in  Fig.  4,  or  more 
commonly  are  oscillations. 

If  the  line  conductors  A  and  B  in  Fig.  4  have  appreciable 
inductance,  as  is  the  qase  with  transmission  lines,  in  the  charge 
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of  the  condenser  Ci,  after  it  has  been  discharged  by  the  arc  over 
P,  the  voltage  d  would  rise  beyond  e,  approaching  2e,  and  the 
discharge  would  thus  start  over  P,  even  if  the  disruptive  strength 
of  this  gap  is  higher  than  e,  provided  that  it  is  still  below  the 
voltage  momentarily  reached  by  the  oscillatory  charge  of  the 
line  condenser  Ci. 

This  combination  of  two  transmission  line  conductors  and  the 
ground  conductor  P,  approaching  near  line  i4  to  a  distance 
giving  a  striking  voltage  above  e,  but  below  the  momentarily 
charging  voltage  of  Ci,  then  constitutes  a  circuit  which  has 
two  permanent  conditions,  one  of  stability  and  one  of  in- 
stability. If  the  voltage  2e  is  gradually  applied,  ^i  =  ^s  »  e, 
the  condition  is  stable,  as  no  discharge  occurs  over  P.  If,  how- 
ever, by  some  means,  as  a  momentary  overvoltage,  a  discharge 
is  once  produced  over  the  spark  gap  P,  the  tmstable  condition 
of  the  circuit  persists  in  the  form  of  successive  and  reciurent 
discharges. 

The  most  interesting  class  in  this  group  of  tmstable  electric 
systems  is  the  oscillations  resulting  sometimes  from  a  change 
of  circuit  conditions  (switching,  change  of  load,  etc.)  which  con- 
tinue indefinitely  with  constant  intensity,  or  which  steadily 
increase  in  intensity,  and  may  thus  be  called  permanent  and 
cumulative  surges,  hunting,  etc.  They  may  be  considered  as 
transients  in  which  the  attenuation  constant  is  zero  or  negative. 

In  the  transient  resulting  from  a  change  of  circuit  conditions, 
the  energy  which  represents  the  difference  of  stored  energy  of 
the  circuit  before  and  after  the  change  of  circuit  conditions,  is 
dissipated  by  the  energy  loss  in  the  circuit.  As  energy  losses 
always  occur,  the  intensity  of  a  true  transient  thus  must  always 
be  a  maximum  at  the  beginning,  and  steadily  decrease  to  zero 
or  to  a  permanent  condition.  An  oscillation  of  constant  in- 
tensity or  of  increasing  intensity  thus  is  possible  only  by  an 
energy  supply  to  the  oscillating  system  brought  about  by  the 
oscillation.  If  this  energy  supply  is  equal  to  the  energy  dis- 
sipation, constancy  of  the  phenomenon  results.  If  the  energy 
supply  is  greater  than  the  energy  dissipation,  the  oscillation  is 
cumulative,  and  steadily  increases' tmtil  self-destruction  of  the 
system  results,  or  the  increasing  energy  loss  becomes  equal  to 
the  energy  supply,  and  a  stationary  condition  of  oscillation 
results.  The  mechanism  of  this  energy  supply  to  an  oscillating 
system  from  a  source  of  energy  differing  in  frequency  from  that 
of  the  oscillation,  is  still  practically  unknown,  and  very  little 
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investigating  work  has  been  done  to  clear  up  the  phenomenon. 
It  is  not  even  generally  understood  that  the  phenomenon  of  a 
permanent  or  cumulative  line  surge  involves  an  energy  supply, 
or  energy  transformation,  of  a  frequency  equal  to  that  of  the 
oscillation. 

Possibly  the  oldest  and  best  known  instance  of  such  cumulative 
oscillations  is  the  hunting  of  synchronous  machines. 

Cumulative  oscillations  between  electromagnetic  and  elec- 
trostatic energy  have  been  observed  by  their  destructive  effects 
in  high-voltage  electric  circuits,  on  transformers  and  other 
apparatus,  and  have  been,  in  a  number  of  instances  where  their 
frequency  was  sufficiently  low,  recorded  by  the  oscillograph. 
They  obviously  are  the  most  dangerous  phenomena  in  high- 
voltage  electric  circuits.  Relatively  little  exact  knowledge  ex- 
ists of  their  origin.  Usually,  if  not  always,  an  arc  some- 
where in  the  system  is  instrumental  in  the  energy  supply  which 
maintains  the  oscillation.  In  some  instances,  as  in  wireless 
telegraphy,  they  have  found  industrial  application.  A  system- 
atic theoretical  investigation  of  these  cumulative  electrical 
oscillations  probably  is  one  of  the  most  important  problems 
before  the  electrical  engineer  today. 

The  general  nature  of  these  permanent  and  cumulative  oscil- 
lations and  their  origin  by  oscillating  energy  supply,  from  the 
transient  of  a  change  of  circuit  condition,  is  best  illustrated  by 
the  instance  of  the  hunting  of  synchronous  machines,  and  this 
may,  therefore,  be  investigated  somewhat  more  in  detail. 

Practically  all  theoretical  study  of  the  hunting  of  synchronous 
machines  has  been  limited  to  the  calculation  of  the  frequency 
of  the  transient  oscillation  of  the  synchronous  machine,  at  a 
change  of  load,  frequency  or  voltage,  at  synchronizing,  etc. 
However,  this  transient  oscillation  is  harmless,  and  becomes 
dangerous  only  if  the  oscillation  ceases  to  be  transient,  but  be- 
comes permanent  and  cumulative;  and  thus  the  most  important 
problem  in  the  study  of  hunting  is  the  determination  of  the  cause 
which  converts  the  transient  oscillation  into  a  cumulative  one; 
that  is,  the  determination  of,  the  source  of  the  energy,  and  the 
mechanism  of  its  transfer  to  the  oscillating  system.  To  design 
synchronous  machines  so  as  to  have  no  or  very  little  tendency 
to  hunting,  obviously  requires  a  knowledge  of  those  character- 
istics of  design  which  are  instrumental  in  the  energy  transfer  to 
the  oscillating  system,  and  thereby  cause  hunting,  so  as  to  avoid 
them  and  produce  the  greatest  possible  inherent  stability. 
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If,  in  an  induction  motor  running  loaded,  at  constant  speed, 
the  load  is  suddenly  decreased,  the  torque  of  the  motor  being 
in  excess  of  the  reduced  load  causes  an  acceleration,  and  the 
speed  increases.  As,  in  an  induction  motor,  the  torque  is  a 
function  of  the  speed,  the  increase  of  speed  decreases  the  torque, 
and  thereby  decreases  the  increase  of  speed  until  that  speed  is 
reached  at  which  the  motor  torque  has  dropped  to  equality  with 
the  load,  and  thereupon  acceleration  and  further  increase  of 
speed  ceases,  and  the  motor  continues  in  operation  at  the  constant 
higher  speed.  That  is,  the  induction  motor  reacts  on  a  decrease 
of  load  by  an  increase  of  speed,  which  is  gradual  and  steady 
without  any  oscillation. 

If,  on  a  synchronous  motor  running  loaded,  the  load  is  sud- 
denly decreased,  the  beginning  of  the  phenomenon  is  the  same 
as  in  the  induction  motor;  the  excess  of  motor  torque  causes 
an  acceleration,  that  is,  an  increase  of  speed.  However,  in  the 
synchronous  motor  the  torque  is  not  a  function  of  the  speed, 
but  in  a  stable  condition,  the  speed  must  always  be  the  same, 
synchronism,  and  the  torque  is  a  function  of  the  relative  position 
of  the  rotor  to  the  impressed  frequency.  The  increase  of  speed, 
due  to  the  fixcess  torque  resulting  from  the  decreased  load, 
causes  the  rotor  to  run  ahead  of  its  previous  relative  position, 
and  thereby  decreases  the  torque  until  by  means  of  increased 
speed,  the  motor  has  run  ahead  from  the  relative  position  cor- 
responding to  the  previous  load,  to  the  relative  position  cor- 
responding to  the  decreased  load.  Then  the  acceleration,  and 
with  it  the  increase  of  speed,  stops.  But  the  speed  is  higher 
than  in  the  beginning,  that  is,  is  above  synchronism,  and  the 
rotor  continues  to  run  ahead,  the  torque  continues  to  decrease, 
is  now  below  that  required  by  the  load,  and  the  latter  thus 
exerts  a  retarding  force,  decreases  the  speed,  and  brings  it  back 
to  synchronism.  But  when  synchronous  speed  is  reached 
again  the  rotor  is  ahead  of  its  proper  position,  and  thus  cannot 
carry  its  load,  and  it  begins  to  slow  down,  until  it  is  brought 
back  into  its  proper  position.  At  this  position,  however,  the 
speed  is  now  below  synchronism,  and  the  rotor  thus  continues 
to  drop  back,  and  the  motor  torque  increases  beyond  the  load, 
thereby  accelerates  again  to  synchronous  speed,  etc.,  and  in 
this  manner  conditions  of  synchronous  speed,  with  the  rotor 
position  behind  or  ahead  of  the  position  corresponding  to  the 
load,  alternate  with  conditions  of  proper  relative  position  of  the 
rotor,  but  below  or  above  synchronous  speed;  that  is,  an  oscil- 
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lation  results  which  usually  dies  down  at  a  rate  depending  on  the 
energy  losses  resulting  from  the  oscillation. 

As  seen,  the  characteristic  of  the  synchronous  machine  is, 
that  readjustment  to  a  change  of  load  requires  a  change  of  rel- 
ative position  of  the  rotor  with  regard  to  the  impressed  fre- 
quency without  any  change  of  speed,  while  a  change  of  relative 
position  can  be  accomplished  only  by  a  change  of  speed,  and  this 
results  in  an  over-reaching  in  position  and  in  speed;  that  is, 
in  an  oscillation. 

Due  to  the  energy  losses  caused  by  the  oscillation,  the  suc- 
cessive swings  decrease  in  amplitude,  and  the  oscillation  dies 
down.  If,  however,  the  torque  which  brings  the  rotor  back 
from  the  position  ahead  or  behind  its  normal  position  corres- 
ponding to  the  changed  load  (excess  or  deficiency  of  motor 
torque  and  of  the  torque  required  by  the  load)  is  greater  than  the 
torque  which  opposes  the  deviation  of  the  rotor  from  its  normal 
position,  each  swing  tends  to  exceed  the  preceding  one  in  ampli- 
tude, and  if  the  energy  losses  are  insufficient,  the  oscillation 
thus  increases  in  amplitude  and  becomes  cumulative;  that  is, 
hunting.  ^ 

In  Fig.  5  is  shown  diagrammatically ,  as  p,  the  change  of  the  rel- 
ative position  of  the  rotor,  from  /)i,  corresponding  to  the  previous 
load,  to  pj,  the  position  further  forward  corresponding  to  the 
decreased  load :  v  then  shows  the  oscillation  of  speed  correspond- 
ing to  the  oscillation  of  position. 

The  dotted  curve,  Wi,  then  shows  the  energy  losses  resulting 
from  the  oscillation  of  speed  (hysteresis  and  eddies  in  the  pole 
faces,  currents  in  damper  windings),  that  is,  the  damping  power, 
assumed  as  proportional  to  the  square  of  the  speed. 

If  there  is  no  lag  of  the  synchronizing  force  behind  the  position 
displacement,  the  synchronizing  force,  that  is,  the  force  which 
tends  to  bring  the  rotor  back  from  a  position  behind  or  ahead  of 
the  position  corresponding  to  the  load,  would  be — or  may 
approximately  be  assumed  as — proportional  to  the  position 
displacement  />,  but  with  reverse  sign:  positive  or  accelerating 
when  p  is  negative  or  behind  the  normal  position,  negative  or 
retarding  when  p  is  ahead.  The  synchronizing  power,  that  is, 
the  power  exerted  by  the  machine  to  return  to  the  normal 
position,  then  is  derived  by  multiplying—/)  by  v,  and  is  sho'wn 
dotted  as  w^  in  Fig.  5.  As  seen,  it  is  a  double-frequency  al- 
ternation with  zero  as  average. 

The  total  resultant  power  or  the  resulting  damping  effect 

Digitized  by  VjOOQIC 


1913] 


STEINMETZ:  INSTABILITY  OF  CIRCUITS 


2017 


which  restored  stability,  then  is  the  sum  of  the  synchronizing 
power  Wt  and  the  damping  power  wi,  and  is  shown  by  the  dotted 
curve  w.  As  seen,  under  the  assumption  of  Fig.  5,  in  this  case 
a  rapid  damping  occurs. 

If  the  damping  winding,  which  consumes  a  part  or  all  the 
power  te^i,  is  inductive — and  to  a  slight  extent  it  always  is — the 
current  in  the  damping  winding  lags  behind  the  e.m.f .  induced 
in  it  by  the  oscillation,  that  is,  lags  behind  the  speed  v,  and  the 
power  te^i,  or  that  part  of  it  which  is  current  times  voltage,  then 
ceases  to  be  continuously  negative  or  damping,  but  contains  a 


Pig.  5 — Osch^lations  Dub  to  Changs  of  Load 


positive  period,  and  its  average  is  greatly  reduced,  as  shown  by 
the  drawn  curve  Wi,  in  Fig.  5;  that  is,  inductivity  of  the  damper 
winding  is  very  harmful,  and  it  is  essential  to  design  the  damper 
winding  as  non-inductive  as  possible  to  give  efficient  damping. 
With  the  change  of  position  p,  the  current,  and  thus  the  arma- 
ture reaction,  and  with  it  the  magnetic  flux  of  the  machine, 
changes.  A  flux  change  cannot  be  brought  about  instantly,  as 
it  represents  energy  stored,  and  as  a  result  the  magnetic  flux  of 
the  machine  does  not  exactly  correspond  with  the  position  p^ 
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but  lags  behind  it,  and  with  it  the  synchronizing  force  F,  as 
shown  in  Pig.  5,  more  or  less,  depending  on  the  design  of  the 
machine. 

The  synchronizing  power  of  the  machine,  Fv,  in  the  case  of 
a  lagging  synchronizing  force  F,  is  shown  by  the  drawn  curve  Wj. 
As  seen,  the  positive  ranges  of  the  oscillation  are  greater  than 
the  negative  ones;  that  is,  the  average  of  the  oscillating  syn- 
chronizing power  is  positive,  supplying  energy  to  the  oscillating 
system,  which  energy  tends  to  increase  the  amplitude  of  the 
oscillation;  in  other  words,  tends  to  produce  cumulative  hunting. 

The  total  resulting  power,  w  =  wi  +  Wt,  under  these  con- 
ditions, is  shown  by  the  drawn  curve  w,  in  Pig.  5.  As  seen,  its 
average  is  still  negative  or  energy  consuming,  that  is,  the  oscil- 
lation still  dies  out,  and  stability  is  finally  reached,  but  the 
average  value  of  w  in  this  case  is  so  much  less  than  in  the  case 
above  discussed,  that  the  d3dng  out  of  the  oscillation  is  much 
slower. 

If  now  the  damping  power  wi  were  still  smaller,  or  the  average 
synchronizing  power  wt  greater,  the  average  of  w  would  become 
positive,  supplying  energy  to  the  oscillating  system.  In  other 
words,  the  oscillation  would  increase  and  htmting  result.  That 
is,  if  the  average  S3mchronizing  power  resulting  from  the  lag  of 
the  synchronizing  force  behind  the  position  exceeds  the  average 
damping  power,  hunting  results.  The  condition  of  stability 
of  the  synchronous  machine  is,  that  the  average  damping  power 
exceeds  the  average  synchronizing  power,  and  the  more  this  is 
the  case,  the  more  stable  is  the  machine;  that  is,  the  more  rapidly 
the  transient  oscillation  of  readjustment  to  changed  circuit  con- 
ditions dies  out. 

Or,  if 
a  =  attenuation  constant  of  the  oscillating  system, 
a  <  0  gives  cumulative  oscillation  or  hunting; 
a  >  0  gives  stability. 

Counting  the  time  t  from  the  moment  of  maximum  backward 
position  of  the  rotor,  that  is,  the  moment  at  which  the' load 
on  the  machine  is  decreased,  and  assuming  sinusoidal  variation, 
and  denoting 

0«2ir//  =  w/  (1) 

where 

/  =  frequency  of  the  oscillation,  (2) 

the  relative  position  of  the  rotor  may  then  be  represented  by 

^  -*  —  />0  .  €"•*  COS0 
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where 

po  '=  pt"  pi  =  position   diflference   of 

rotor  resulting  from  change  of  load,  (S) 

a  »  attenuation  constant  of  oscillation.  (4) 
The  velodty  difference  from  that  of  uniform  rotation  then  is 

V  =  —^  =  (0  -^^  =s  CO  po  €"**  (sin  0  +  a  cos  0)        (6) 

Let 

o  =  tan  a;     1  +  a«  =  A*  (6) 

hence 

sm  a  =  -j;    cos  a  =  -r  (7) 

it  is 

V  -  (a  poA  €"**  sin  (0  +  a)  (8) 
Let 

y  =  lag  of  damping  currents  behind  e.  m.  f.  induced  in 
damper  windings;  (9) 

the  damping  power  is 

Wi  ^  --  CVVr 

=  —  c  CO*  pQ*  A^  £-2  «*  sin  (0  +  a)  sin  (0  +  a  —  7) 

(10) 
where 

^  -.        _  damping  power  per  unit  velocity  (11) 

Let 

j8  =  lag  of  synchronizing  force  behind  position  dis- 
placement pf  and  (12) 

^  =  co/o  (IS) 

where 

to  =  time  lag  of  synchronizing  force.  (14) 

The  synchronizing  force  then  is 

F  =  fe/>o€-«*cos(0-  P)  (16) 
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where 

.  6  «  —S  =  ratio   of   synchronizing   force   to   position 

displacement,  or  specific  synchronizing  force.  (16) 

The  synchronizing  power  then  is 

Wt'^Fv^btapo^A  e"^'*  sin  (0  +  a)  cos  (0  -  jS)     (17) 

The  oscillating  mechanical  power  is 

d    mv^  d  V 

«  m  oa^pi?  i4«  €-*  «*  sin  (0  +  a) 

Icos  (0  +  a)  -  a  sin  (0  +  a)  j       (18) 
where 

m  =  moving  mass  reduced  to  the  radius,  on  which  p  is 
measured.  (19) 

It  is,  however, 

Wi  +  Wt-w^O.  (20) 

Hence,  substituting  (10),  (17),  (18)  into  (20)  and  cancelling, 

b  cos  (0  —  )9)  —  c  w  A  sin  (0  +  a  —  7)  —  f»  w*  -4  cos 
(0  +  a)  +  m  wM  a  sin  (0  +  a)  =  0  (21) 

This  gives  as  the  coefficients  of  cos  0  and  sin  0  the  equations 

bcosP—  c(aA  sin  (a— 7)—  mio^Acosa+mw^Aasma^O  )  .^. 
bsinP—  c(aA  cos  (a— 7)+mw*i4sina+mcoMacos  a=0  J 

Substituting  (6)  and  (7)  and  approximating  from  (13),  for  a 
as  a  small  quantity, 

cos  i9  =  1 ;    sin  )3  ~  (0  /o  (23) 

give  s 

b—  c(a  (a  cos  y  —  sin  7)  —  w  w'  (1  —a*)  =  0 ) 

bh  —  c  (cos  7  +  0  sin  7)+ 2m  wa  =0)  ^^^ 

This  gives  the  values,  neglecting  smaller  quantities, 
c  cos  7  —  bto 


V  4:mb-c^  cos  2  y+b^  /©* 


(26) 


(0  =  r —  I V4  mb-  c^  cos  2  7  +  ft«  /o*  +  c  sin  7J  (26) 

Z  tn 
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These  equations  (26)  and  (26)  apply  only  for  small  values  of 
a,  but  become  inaccurate  for  larger  values  of  a,  that  is,  very 
rapid  damping.      However,  the  latter  case  is  of  lesser  importance. 


Hence 


or 


a  =  0  gives 
b  to  ^  c  cos  y 


c  > 


bto 
cos  y 


h> 


ccos  y 


(28) 


is  the  condition  of  stability  of  the  synchronous  machine. 
If 

/o  =  0 

7  =  0 
then 


and,  if,  also, 


a  = 


Ci) 


V4mb-c* 


c-0 


09 


i 


2m 


b^ 
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DYNAMO  ELECTRIC  LIGHTING  FOR  MOTOR  CARS 


BY   ALFRED    E.    WALLER 


Dynamo  lighting  equipments  on  motor  cars  are  required  to 
maintain  at  all  times  a  supply  of  electric  energy  sufficient  for 
proper  road  lighting.  It  is  therefore  natural,  in  the  design  of 
such  apparatus,  to  decide  first  what  may  be  accepted  as  a  satis- 
factory set  of  lamps  for  motor  car  use.  When  this  point  has 
been  determined,  the  capacity  of  dynamo,  battery,  and  auxiliary 
apparatus  may  be  readily  deduced. 

The  choice  of  lamps  is  influenced  by  a  great  many  considera- 
tions, and  among  these  is  the  variable  element  of  individual 
preference.  Some  drivers  prefer  to  have  a  good  deal  of  light 
near  the  car,  others  insist  upon  lamps  which  will  project  the 
light  a  considerable  distance  ahead,  and  leave  objects  close  at 
hand  in  comparative  darkness.  Many  arguments  are  offered 
in  favor  of  each  type,  and,  in  order  to  have  his  product  meet 
with  general  favor,  a  lamp  designer  must  take  both  extremes  into 
account. 

A  great  deal  of  interesting  experimental  work  has  been  done 
with  headlights  of  both  American  and  foreign  design,  in  order 
to  determine  the  characteristics  of  the  most  suitable  lamp  and 
reflector. 

As  a  result  the  21-c.p.  six-volt  tungsten  lamp  has  been  adopted 
for  use  with  a  parabolic  reflector  measuring  10  in.  (25.4  cm.) 
across  the  opening. 

This  choice  was  governed  by  several  considerations.  In  the 
first  place  it  was  shown  that  with  lamps  of  this  description  a 
road  50  ft.  (15.2  m.)  wide  could  be  perfectly  lighted  for  a  distance 
of  at  least  1000  ft.  (304.8  m.)  in  advance  of  the  car.  Objects 
on  the  road  could  be  distinguished  practically  as  far  awa^^  as 
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would  be  possible  in  daylight,  and  always  in  ample  time  to 
stop  or  turn  aside  as  the  case  rendered  necessary. 

In  the  second  place,  10-in.  (25.4  cm.)  reflectors  were  used 
because  they  did  not  necessitate  extremely  large  headlights, 
which,  beside  being  costly,  wotdd  detract  from  the  appearance 
of  a  motor  car.  The  importance  of  having  lamps  properly 
focused  was  brought  out  in  these  experiments.  For  the  best 
results  the  lamp  filament  must  be  located  exactly  at  the  focus 
of  the  parabolic  reflector,  and  the  reflector  should  be  so  designed 
that  the  focus  is  well  back  from  the  opening.  A  comparatively 
deep  reflector  makes  the  angle  of  the  direct  rays  not  intercepted 
by  it,  rather  small,  consequently  a  greater  proportion  of  the  total 
candle  power  may  be  projected  in  a  useftd  direction.  The  effect 
is  partictdarly  good  when  the  lights  are  placed  at  least  three 
ft.  (0.9  m.)  from  the  ground.  At  this  height  the  shadows 
caused  by  slight  ridges  and  undulations  in  the  road  are  not  so 
apparent  as  when  the  lights  are  placed  lower. 

The  10-in.  (2.54  cm.)  parabolic  reflector  adopted,  measures 
about  5)^  in.  (14  cm.)  in  depth.  This  reflector  has  a  focus  of 
l\  in.  (2.85  cm.)  and,  when  properly  focused,  a  21-c.p.  lamp 
gives  ample  light  on  the  road  near  the  car  and  at  the  same  time 
has  very  good  distance  qualities. 

Very  deep  reflectors  both  of  the  eight-in.  (20.3  cm.)  and  10-in. 
(25.4  cm.)  diameter  sizes  were  tried,  but  it  was  found  that  these 
did  not  give  satisfactory  lighting  near  the  car. 

Twenty-four  c.p.  lamps  were  tried  out  in  the  10-in.  (25.4  cm.) 
reflector,  but  the  difference  in  illumination  was  scarcely  notice- 
able, and  was  more  than  offset  by  the  fact  that  the  24-c.p. 
lamps  required  14  per  cent  more  ciurent  than  the  21-c.p. 

The  side  and  rear  lights,  which  are  used  only  as  signal  lights, 
and  have  little  value  for  road  lighting  purposes,  were  equipped 
with  four-c.p.  and  two-c.p.  lamps  respectively.  Lights  of  lower 
candle  power  than  this  would  have  been  ample  for  the  purpose, 
but  in  the  smaller  sizes  of  lamps  the  filaments  were  found  to 
be  too  frail  to  give  reliable  service  under  the  conditions  of  severe 
vibration  encountered  on  a  motor  car. 

Considiering,  therefore,  that  a  proper  equipment  consists  of 
a  pair  of  21-c.p.  headlights,  a  pair  of  four-c.p.  side  lights,  and 
a  two-c.p.  rear  Ught,  we  find  the  current  taken  by  these  lamps 
to  be  seven  amperes,  1.7  amperes  and  0.6  amperes  respectively, 
making  a  total  load  of  9.3  amperes  at  6  volts.  In  addition  to 
this  eqtiipment  we  find  on  the  average  car  an  electric  horn  and 
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a  speedometer  light,  but  as  these  devices  are  used  only  intermit- 
tently, their  current  is  not  an  important  factor  in  determining 
the  maximtun  dynamo  capacity  which  will  be  required. 

Allowing  for  the  intermittent  use  of  the  speedometer  light 
and  electric  horn,  it  is  evident  from  the  figures  quoted  above, 
that  an  adequate  lighting  dynamo  must  have  an  output  of  10 
amperes,  in  order  to  maintain  at  all  times  a  sufficient  supply 
of  energy.  Further,  as  the  dynamo  is  available  as  a  source 
of  energy  only  when  the  motor  car  engine  is  running,  a  battery 
must  be  provided  to  fiunish  current  when  the  engine  is  at  rest. 
A  three-cell  lead  battery  has  been  universally  adopted  for  use 
with  Q-volt  lights,  and  the  dynamo  must  therefore  be  capable 
of  fiuTiishing  10  amperes  at  a  voltage  sufficient  to  charge  a 
battery  of  this  type. 

Our  next  consideration  is  the  car  speed  at  which  the  full 
load  output  of  the  dynamo  must  be  delivered.  Much  of  the 
mileage  covered  by  the  average  motorist  is  traversed  at  a  speed 
of  not  more  than  18  miles  per  hour,  and  if  we  are  to  reserve  the 
storage  battery  for  use  when  the  motor  car  engine  is  not  running, 
our  dynamo  must  be  so  geared  that  it  will  carry  the  entire  light 
load  when  the  car  is  traveling  at  this  speed  or  above.  If  the 
speed  falls  below  say  18  miles  per  hour,  more  or  less  ciurent 
will  be  drawn  from  the  battery,  as  the  dynamo  will  not  be  gen- 
erating its  full  capacity.  A  great  deal  of  night  driving  at  slow 
speed  with  all  lights  on,  would  in  time  run  down  the  storage 
battery,  but  it  is  found  in  practise  that  little  slow-speed  running 
is  done  with  all  lights  on.  In  the  city,  where  this  condition 
does  prevail  to  a  large  extent,  the  headlights  are  not  as  a  rule 
in  use,  and  the  load  taken  by  the  remainder  of  the  eqtiipment 
is  readily  supplied  by  the  dynamo.  Further,  if  the  car  is 
used  in  the  day  time  at  all,  the  charge  accumulated  by  this 
running  serves  to  keep  the  battery  always  charged  and  in  per- 
fect condition.  If  cars  are  left  standing,  the  headlights  are  of 
course  ttimed  off  and  the  2.3  ampere  load  represented  by  the 
side  and  rear  lights  may  be  carried  for  some  time  upon  a  proper 
battery. 

The  ideal  electric  lighting  system  is  'entirely  automatic. 
Means  must  be  provided  for  connecting  the  dynamo  to  the  bat- 
tery when  speed  proper  for  charging  has  been  reached,  and 
for  disconnecting  the  dynamo  from  the  battery  when  the  speed 
is  reduced  4;o  a  point  where  a  reversal  of  ciurent  is  about  to 
take  place.  This  is  a  feature  which  is  present  in  all  properly 
designed  lighting  systems. 
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In  some  systems  now  on  the  market,  the  connecting  and 
disconnecting  from  the  battery  is  accomplished  by  a  centrifugally 
operated  switch.  The  dynamo  speed  which  corresponds  to  a 
correct  voltage  for  charging  is  predetermined,  and  the  centrif- 
ugal device  is  set  to  dose  the  circuit  at  this  time,  and  to  open 
it  as  soon  2^  the  speed  is  reduced  below  the  safe  point.  In  most 
cases,  however,  the  operation  is  accomplished  by  means  of  an 
electromagnetic  switch.  This  switch  or  relay,  as  commonly 
constructed,  has  two  windings,  one  of  high  resistance  which  is 
permanently  connected  across  the  armature  terminals.  The 
relay  is  set  so  that  it  closes  the  circuit  between  the  dynamo 
and  the  battery,  when  energized  by  a  potential  sufficietit  for 
charging  the  battery,  and  opens  the  circuit  when  the  dynamo 
voltage  is  reduced  below  this  point.  As  a  precautionary  mea- 
sure, a  series  winding  is  placed  upon  the  relay  with  the  shunt 
winding.  This  series  winding  reenforces  the  shunt  winding 
while  charging  is  going  on,  but  bucks  it  upon  reversal  of  current, 
thus  tending  to  produce  complete  demagnetization  of  the  relay. 

One  of  the  most  important  functions  of  the  automatic  lighting 
system  is  the  control  of  the  dynamo  output  at  the  very  high 
speeds  reached  by  motor  car  engines.  It  will  be  readily  under- 
stood that  if  a  dynamo  is  arranged  so  that  it  is  driven  at  say 
1000  rev.  per  min.  at  a  car  speed  of  20  miles  (32  km.)  per  hour, 
and  is  delivering  its  full  output  at  this  speed,  when  the  car 
speed  has  been  increased  to  40  miles  (64.3  km.)  or  even  60  miles 
(96.5  km.)  per  hour,  a  dynamo  not  properly  protected  will  be 
forced  to  generate  current  far  in  excess  of  its  rated  capacity 
and  a  burn-out  will  inevitably  result.  No  matter  what  type 
of  dynamo  is  used,  there  must  be  some  means  of  compensating 
for  the  current  fluctuations  which  occur  with  speed  changes. 

As  in  the  case  of  the  automatic  switch  for  connecting  to  the 
battery,  the  more  difficult  problem  of  controlling  dynamo  out- 
put has  been  accomplished  by  means  of  both  mechanical  and 
electrical  devices.  It  is  my  intention  in  this  paper  merely 
to  describe  a  number  of  regulators  which  are  now  widely  used, 
without  commenting  either  favorably  or  unfavorably  upon 
their  respective  merits. 

Considering  first  the  mechanical  types  of  control,  we  have 
slipping  clutches  of  different  designs.  For  example,  one  manu- 
facttwer  uses  a  clutch  composed  of  two  members,  one  of  which 
is  rigidly  attached  to  the  dynamo  shaft,  and  the  other  to  some 
convenient  drive  shaft.     The  clutch  members  are  held  together 
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by  spring  pressure,  and,  as  the  speed  of  the  driving  member 
increases,  this  spring  pressure  is  neutralized  by  means  of  centrif- 
ugal governors,  which  oppose  the  spring  tension,  and  allow 
slippage  between  the  clutch  members,  the  amount  of  slippage 
depending  upon  the  speed  of  the  driving  member.  This  allows 
the  dynamo  to  be  driven  at  a  substantially  constant  speed, 
regardless  of  that  of  the  motor  car. 

The  regulator  adopted  by  another  manufacturer  has  in  it  a 
centrifugal  governor  which  turns  at  the  same  speed  as  the  dy- 
namo, and  moves  a  small  contact  arm  over  a  ntmiber  of  steps  of 
resistance  inserted  in  the  field  circtiit  of  the  dynamo.  The 
greater  the  dynamo  speed,  the  more  resistance  is  inserted  with 
the  field,  so  that  a  substantially  constant  output  is  obtained. 

There  is  a  much  larger  ntmiber  of  electrical  devices  for  this 
purpose.  One  of  the  earliest  consisted  of  a  resistance  made  of 
small  carbon  disks  arranged  in  a  tube  and  connected  in  series 
with  the  dynamo  field  winding.  The  disks  are  normally  pressed 
very  tightly  together  by  a  spring,  and  in  this  condition  have  a 
low  electrical  resistance.  The  device  is  so  arranged  that  the 
armature  current  of  the  dynamo  passes  through  a  series  coil,  which 
is  arranged  to  pull  directly  against  the  spring  which  compresses 
the  carbon  disks.  Consequently  when  excessive  charging  rates 
are  reached,  the  pull  of  the  series  coil  tends  to  neutralize  the 
spring  pressure  upon  the  carbon  disks,  and  the  resistance  of  the 
field  circuit  is  increased  by  the  release  of  presstire. 

One  method  which  is  much  used  with  the  permanent  field 
type  of  dynamo  is  to  design  a  machine  with  high  armature 
reactions,  and  to  depend  upon  these  to  prevent  excessive  gen- 
eration of  current.  Compound  windings  have  been  successfully 
used  with  both  bipolar  and  multipolar  dynamos  for  this  work, 
in  spite  of  the  very  great  range  of  speed  encountered. 

Other  manufacturers  have  used  double  field  windings,  one 
portion  arranged  to  opppose  the  flux  generated  by  the  other 
portion.  These  opposing  or  bucking  coils  are  thrown  into  play 
at  the  proper  moment  by  a  series  relay  inserted  in  the  armature 
circuit. 

One  magneto  type  dynamo  manufactiu"ed  has  a  permanent 
field  with  auxiliary  electromagnetic  field  windings,  which  are 
disconnected  when  a  certain  current  has  been  reached.  If  the 
speed  is  increased  beyond  this  point,  the  auxiliary  electro- 
magnetic fields  are  again  brought  into  play  and  are  energized 
so  as  to  oppose  the  flux  of  the  permanent  field.  This  gives 
a  very  wide  range  of  regulation.  ^  I 
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In  several  cases,  modifications  of  the  controls  described  above 
have  been  used  by  regulating  the  dynamo  for  a  certain  maxi- 
mum voltage  instead  of  maximum  ciurent. 

In  another  lighting  system,  regulation  is  accomplished  by  the 
introduction  of  a  coil  of  iron  wire  in  the  armattu^  circuit.  This 
coil  has  the  property  of  increasing  resistance  very  slowly,  until 
a  certain  critical  ciurent  is  reached,  and  then  increasing  at  a  very 
rapid  rate  to  several  times  its  original  resistance.  The  terminals 
of  a  bucking  field  coil  are  connected  across  this  series  coil  of 
iron  wire,  which  is  so  designed  that  the  critical  point  where 
its  resistance  increases  rapidly,  is  reached  when  the  maximiun 
dynamo  current  is  being  generated.  Normally  the  potential 
difference  applied  to  the  terminals  of  the  bucking  coil  is  negli- 
gible, but  when  the  iron  wire  has  become  sufficiently  heated, 
this  potential  difference  becomes  sufficient  to  generate  a  con- 
siderable flux  in  the  bucking  coil,  and  to  reduce  materially  the 
output   of  the   dynamo. 

Among  the  devices  designed  to  secure  constant  dynamo 
output  at  varying  speeds,  are  several  foreign  inventions.  In 
one  of  these  a  bipolar  shunt-wound  dynamo  is  arranged  with 
a  pair  of  auxiliary  poles  placed  between  the  main  poles  of  the 
machine.  The  auxiliary  poles  are  not  wound,  but  are  excited 
by  the  cross  magnetization  catised  by  the  working  ciurent  in 
the  dynamo  armature.  Two  brushes  are  placed  in  the  neutral 
position  relative  to  the  main  poles,  and  are  sufficiently  wide  to 
short-circuit  several  armature  coils  diuing  the  period  of  com- 
mutation. When  the  armature  is  revolved  the  dynamo  behaves 
as  any  ordinary  shunt-wound  machine,  except  that  the  load 
current  in  the  armature  conductors,  by  virtue  of  its  cross-mag- 
netizing ampere-turns,  sets  up  a  flux  in  the  auxiliary  unwound 
poles,  provided  to  receive  it.  The  armature  coils  short-circuited 
by  the  brushes  cut  this  cross  flux  and  consequently  have  a 
short-circuit  current  induced  in  them,  which  is  proportional 
to  the  cross  flux  and  to  the  speed  of  rotation.  This  short-cir- 
cuit current  acts  in  such  a  direction  as  to  demagnetize  the  main 
wound  poles.  In  this  manner  the  voltage  of  the  dynamo  is 
regulated  so  as  to  compensate  for  speed  changes  and  also  for 
load  changes. 

One  foreign  manufacturer  has  designed  a  distributing  panel, 
in  which  each  circuit  on  the  car  has  a  properly  proportioned 
coil  of  resistance  wire  in  series  with  it.     This  wire  is  of  such 

^e  and  length  that  it  permits  a  certain  amount  of  current 
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to  flow  in  the  circuit,  this  being  predetermined,  and  increases 
in  resistance  to  eight  or  ten  times  its  nominal  value  when  this 
current  value  is  exceeded,  thus  protecting  the  lamps  against 
bum-out. 

In  a  well-known  French  design  a  bipolar  dynamo  is  used, 
with  two  windings  on  each  pole,  the  pairs  being  wound  to  pro- 
duce magnetization  in  the  same  direction.  One  side  of  each 
of  the  four  coils  is  connected  to  the  negative  brush  of  the  dy- 
namo, and  the  four  remaining  terminals  are  connected  to  the 
positive  brush,  through  four  small  breakers  arranged  concen- 
trically around  the  dynamo  shaft.  These  breakers  are  opened 
in  succession  by  a  cam  on  the  end  of  the  dynamo  shaft,  and  only 
one  breaker  is  opened  at  a  time.  At  low  speeds  the  effect  pro- 
duced by  opening  momentarily  one  of  the  four  field  coils  and 
closing  it  again  before  opening  another,  is  negligible,  but  as  the 
speed  is  increased  the  interruptions  become  so  rapid  that  the 
dynamo  field  does  not  have  time  to  build  up  to  its  full  intensity, 
and  constant  output  may  be  secured  from  the  dynamo  over  a 
wide  speed  range. 

In  the  particular  lighting  system  under  consideration  a  plain 
shunt-wound  dynamo  was  adopted  as  being  the  simplest  and  most 
reliable  type,  and  a  system  of  control  was  developed  which 
gives  perfectly  satisfactory  regulation.  The  necessary  regtda- 
tion  is  secured  by  means  of  a  single  step  of  resistance  inserted 
in  series  with  the  dynamo  field.  This  resistance,  which  is  of 
such  a  value  that  it  will  limit  the  dynamo  output  to  its  prede- 
termined maximum  at  the  highest  car  speed  obtainable,  is 
normally  short-circuited,  but  the  short  circuit  is  removed  from  the 
resistance  when  the  maximum  charging  current  has  been  reached. 
This  is  accomplished  by  means  of  a  relay,  only  one  winding 
of  which  carries  the  armature  ctxrrent.  In  practise,  the  short 
circuit  is  removed  from  the  resistance  in  series  with  the  dynamo 
field  when  a  current  of  10.1  amperes  has  been  reached,  and  when 
this  resistance  is  thus  inserted  in  the  field  circuit,  the  dynamo 
output  immediately  falls  off.  When  the  current  is  reduced 
to  9.9  amperes,  the  resistance  is  once  more  short-circuited,  and, 
as  the  interval  of  time  required  for  this  change  in  current  is 
very  short,  an  extremely  rapid  vibration  of  the  relay  contact 
is  set  up,  and  a  substantially  constant  current  is  obtained  over 
a  wide  range  of  speed. 

In  the  early  experimenting,  a  relay  of  the  familiar  telegraph 
type  was  used,  but  lengthy  experiments  led  to   the  adoption 
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of  a  modified  t)rpe  in  which  the  tnmmons  or  pivots  are  replaced 
by  a  flexible  phosphor-bronze  hinge  of  suitable  gage  and  width. 
This  construction  is  found  to  be  highly  satisfactory,  and  is  not 
affected  by  vibration. 

There  are  a  number  of  .other  systems  of  control  which  are 
quite  as  efficient  and  well  known  as  these  I  have  mentioned, 
and  a  great  deal  of  time  might  be  devoted  to  their  discussion 
and  comparison.  It  is  necessary  at  this  time,  however,  to  con- 
sider the  initial  speed  at  which  a  dynamo  should  be  designed  to 
give  its  full  output.  This  is  an  important  consideration,  and  is 
so  closely  related  to  the  construction  of  the  motor  car  engine 
with  which  the  system  is  to  be  tised,  that  the  general  arrange- 
ment of  the  engine  must  be  carefully  taken  into  account. 

It  is  well  known  that  the  size,  weight  and  cost  of  a  dynamo 
of  any  particular  type,  depends  not  only  upon  the  watt  output, 
but  also  upon  the  speed  at  which  this  output  is  delivered.  Con- 
sider as  an  example  the  shunt- wound  dynamo;  one  which  will 
deliver  7.5  volts  and  10  amperes  at  1500  rev.  per  min.,  costs 
30  per  cent  less  than  one  which  will  deliver  the  same  output  at 
1000  rev.  per  min.,  and  less  than  half  as  much  as  one  designed  for 
a  speed  of  500  rev.  per  min.  The  weights  of  the  respective 
machines  are  in  approximately  the  same  ratio  as  their  cost. 

A  shunt-wound  dynamo  designed  for  the  stated  output  at 
approximately  1000  rev.  per  min.  weighs  about  21  lb.  (9.5  kg.) 
and  can  be  made  approximately  8  in.  (20.3  cm.)  long  by  5|  in. 
(13.2  cm.)high  by  4^  in.  (12  cm.)  wide.  If  it  is  required  to  secure 
the  same  output  at  500  rev.  per  min.  the  weight  must  be  in- 
creased to  approximately  35  lb.  (15.8  kg.)  and  the  dimensions 
become  9Ji  in.  (23.5  cm.)  by  7>^  in.  (18  cm.)  by  45i  in.  (12 
cm.)  approximately.  On  the  average  four-cylinder  motor  car, 
a  1000-revolution  dynamo  is  run  at  about  twice  engine  speed 
for  the  best  results,  and  the  500-revolution  dynamo  should  be 
run  at  engine  speed. 

Bearing  these  facts  in  mind,  the  selection  of  a  dynamo  for 
any  particular  automobile  engine  becomes  a  matter  of  judg- 
ment and  must  be  largely  governed  by  the*  structure  and  ar- 
rangement of  the  engine  itself.  Speaking  broadly,  it  will  be 
found  that  when  a  500-rev.  per  min.  dynamo  may  be  readily 
coupled  to  a  shaft  which  runs  at  engine  speed,  its  extra 
weight  and  cost  are  justified  by  the  fact  that  it  renders  sprockets 
and  chain  or  gears,  and  their  care,  unnecessary.     On  motors 

*iere  aii  installation  of  this  type  entails  the  extension  of  a  shaft 
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not  readily  accessible,  or  the  use  of  a  countershaft  or  an  idler 
gear  or  some  other  device  for  bringing  the  direct  drive  into 
a  convenient  location,  a  chain-driven  dynamo  geared  to  run 
at  twice  engine  speed  may  be  used  to  advantage. 

Where  a  geared  dynamo  is  necessary,  the  shunt-wound  ma- 
chine designed  to  deliver  its  output  at  1000  rev.  per  min.  and 
driven  at  approximately  twice  engine  speed,  appears  to  be  the 
most  advantageous  design  in  weight,  cost  and  size.  Such  a 
dynamo  when  driven  at  twice  engine  speed  on  a  car  with  36-in. 
(0.9  m.)  rear  wheels,  geared  3J^  to  1  on  the  back  axle,  will 
start  charging  the  battery  at  from  six  to  seven  miles  (9.6  to 
11.2  km.)  per  hour,  and  will  deliver  its  full  output  of  10  amperes 
at  about  15  miles  (24.1  km.)  per  hour.  The  same  dynamo  on 
a  car  geared  3  to  1  with  36  in.  (0.9  m.)  rear  wheels,  would  begin 
to  charge  the  battery  at  approximately  9  miles  (14.4  km.)  per 
hour,  and  will  balance  the  lamp  load  at  approximately  18  miles 
(28.9  km.)  per  hotu-.  A  machine  of  this  type  has  distinct  points 
of  advantage  over  a  dynamo  designed  to  deliver  its  output  at 
either  a  higher  or  a  lower  speed. 

Considering  first  a  higher  speed  dynamo,  let  us  assume  a  rated 
speed  of  1500  rev.  per  min.  for  full  output.  This  dynamo  is 
smaller,  lighter  and  cheaper  than  a  dynamo  designed  for  1000 
rev.  per  min.,  but  must  be  driven  at  approximately  three  times 
engine  speed.  In  practise  if  a  f-in.  (9.5  mm.)  pitch  silent 
chain  is  used,  the  driven  and  driving  sprockets  will  have  15  and 
45  teeth  respectively.  This  means  a  chain  speed  of  2250  ft. 
(685.8  m.)  per  minute  at  45  miles  (72.4  km.)  per  hour  of  the  car 
and  3000  ft.  (914.4  m.)  per  minute  at  60  miles  (96.5  km.)  per 
hour.  These  speeds  are  too  high  for  best  results  and  cause 
rapid  wear  of  the  chain.  It  should  be  noted  also  that  the  chain 
is  likely  to  become  noisy  when  driven  at  this  speed. 

On  the  other  hand,  a  dynamo  driven  at  less  than  twice  engine 
speed,  in  order  to  secure  lower  chain  speed,  and  less  wear  on 
the  bearings,  is  not  an  advantageous  arrangement.  The  cost 
and  weight  of  the  dynamo  are  immediately  increased,  without 
the  elimination  of  sprockets. 

It  becomes  evident,  therefore,  that  if  the  chain  speed  reached 
by  the  drive  of  the  1000-rev.  per  min.  dynamo  is  not  excessive,  it 
has  a  decided  advantage  over  either  of  the  types  just  mentioned. 
Investigation  shows  that  in  practise,  sprockets  of  30  and  15 
teeth  would  be  used  with  |-in.  (9.5  mm.)  pitch  silent  chain, 
and  at  45  miles  (72.4  km.)   per  hour  the  chain  speed   would 
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nil  Hi^iU  ^>n  the  car  for  six  hours,  and  to  carry  the  side  and  rear 

Ull^hti  im\y,  Ujt  from  20  to  24  hours,  without  receiving  any  charge. 

SMimUfiiye  experiments  have  demonstrated  that  a  battery 

fpitfc  100  fq.  in.  (852.3  sq.  cm.)  or  more  of  positive  plate  surface 
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and  100  sq.  in.  (645.2  sq.  cm.)  of  negative  plate  surface,  is  ca- 
pable of  standing  a  10-ampere  charging  rate  for  very  long  periods, 
even  when  no  current  is  "taken  from  it.  It  is  unquestionably 
possible  to  damage  a  battery  of  the  above  size  by  charging  at 
a  10-ampere  rate,  if  carried  on  indefinitely  on  a  test  bench. 
The  condition  of  motor  car  service,  however,  tend  to  offset  the 
main  causes  of  deterioration  which  become  noticeable  when  the 
batteries  are  charged  at  high  rates.  In  the  first  place  a  battery 
charged  continuously  at  a  high  rate  becomes  overheated,  and 
this  heat  softens  the  plates  to  such  an  extent  that  they  are 
readily  disintegrated.  Another  cause  of  decay  is  the  formation 
of  large  bubbles  of  gas  on  the  negative  plates,  which,  when  they 
finally  break  away  from  the  plates,  take  with  them  particles  of 
active  material,  especially  when  this  has  become  softened  due 
to  heating. 

The  chance  of  overheating  a  battery  due  to  continuous  high 
charging  rates,  becomes  rather  small  when  we  consider  that  it 
is  seldom,  in  practise,  that  a  battery  is  charged  continuously 
at  the  maximum  rate  for  more  than  a  few  hours  at  a  time. 
It  is  seldom  indeed  that  a  dynamo  in  motor  car  service  delivers 
its  full  output  for  several  hours  at  a  time  without  intermission, 
because  automobiles  are  rarely  driven  at  a  continuous  speed  of 
18  miles  (28.9  km.)  per  hour  or  above  for  long  intervals.  In 
addition  to  the  frequent  slowing  down  of  the  motor  car  engine, 
due  to  coasting  down  hill,  or  turning  comers,  there  are  often 
periods  when  it  is  not  running  or  is  running  slowly,  so  that  the 
d3mamo  does  not  generate  its  maximum  current.  It  has  been 
proved  in  practise  that  in  the  average  installation  no  appreciable 
heating  takes  place,  and  that  even  the  drivers  who  maintain 
the  highest  average  speed  never  raise  their  batteries  to  an  ex- 
cessive temperature.  Referring  to  the  second  cause  for  deteri- 
oration, it  will  be  evident  that  the  vibration  always  present  in 
motor  car  service,  makes  it  practically  impossible  to  form  large 
bubbles  upon  the  battery  plates.  The  jolting  of  the  automobUe 
becomes  practically  a  substitute  for  the  mechanical  agitator 
which  is  used  in  many  large  stationary  battery  plants. 

A  battery  installed  on  the  average  motor  car  is  operating  under 
ideal  conditions,  as  it  is  either  charging  or  discharging  nearly 
all  the  time.  If  the  plate  surface  mentioned  above  is  used,  the 
9j^-ampere  load  represented  by  the  total  light  equipment  may 
be  carried  for  approximately  3}i  hours,  while  the  side  and  rear 
lights  may  be  kept  bright  for  at  least  24  hours.     It  will  be  ap- 
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parent  that  the  3Ji-hotir  limit  for  the  length  of  time  during 
which  the  battery  will  take  care  of  ^the  entire  load,  is  hardly- 
long  enough,  so  that  a  battery  used  in  a  motor  car  equipment 
should  have  approximately  double  the  capacity  given,  or  ap- 
proximately 80  ampere-hours.  In  a  very  large  number  of  lighting 
systems  now  operating  successfully,  standard  makes  of  batteries 
rated  at  80  ampere-hours  with  a  10-ampere  discharge  rate,  are 
proving  entirely  adequate.  A  battery  of  this  type  has  con- 
siderably more  than  the  necessary  plate  area  to  stand  the  10- 
ampere  charging  rate  indefinitely,  and  will  carry  all  lamps  for 
at  least  six  hours,  a  longer  time  than  would  be  ordinarily  required. 

The  remaining  point  now  to  be  considered  is  the  method  of 
wiring,  and  type  of  wire  used.  In  many  of  the  first  lighting 
systems,  the  proposition  of  a  ground  return  for  all  fixtures  was 
pointed  out,  but  in  practically  all  instances  the  system  of  run- 
ning two  wires  to  each  lamp  and  fixture  has  been  adopted. 
Ground  rettims  in  many  cases  brought  about  ignition  compli- 
cations, and  the  system  of  two  wires  has  a  decided  advantage 
in  that  one  conductor  may  be  grounded  accidentally  without 
interfering  with  the  lights.  On  the  ground  return  system  an 
abrasion  or  injury  to  the  current-carrying  wire  is  apt  to  put 
the  entire  system  out  of  operation.  In  a  recommendation  to 
a  special  advisory  committee  of  the  Society  of  Automobile 
Engineers,  Mr.  Leonard  Kebler,  a  member  of  the  Society,  pro- 
posed that  for  motor  car  installation,  a  cable  be  used  capable 
of  standing  a  test  of  12  hoiu^  immersion  in  oil,  12  hours  immer- 
sion in  gasolene,  and  12  hours  immersion  in  water,  and  then 
stand  600  volts  applied  between  the  two  conductors  without 
a  breakdown.  Wire  of  this  type  has  been  used  extensively 
by  several  manufacturers  and  has  been  found  to  give  excellent 
results. 

The  insulation  of  wire  for  motor  car  use,  should  be  composed 
preferably  of  some  material  which  is  not  affected  by  oil  or  gaso- 
lene, and  is  not  softened  by  ordinary  temperatures.  Where 
rubber  is  used  it  should  be  protected  against  oil  and  gasolene 
to  prevent  the  possibility  of  grounds  and  short  circuits. 

In  concluding,  it  may  be  said  of  the  lighting  system  wiring 
that  the  manufacturer  should,  if  possible,  cut  all  wires  to  length 
and  make  all  connections  before  shipment.  Experience  proves 
that  the  highest  satisfaction  with  motor  car  lighting  equip- 
ments may  be  obtained  only  when  the  wiring  is  done  by 
skilled  operators.     Consequently,  a  lighting  system  designed 
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in  such  a  maimer  that  it  may  be  ptirchased  for  any  particular 
make  or  model  of  car,  with  all  wires  cut  to  length  and  fitted  with 
proper  plugs,  all  connections  made  to  panels,  switches,  etc., 
possesses  distinct  advantages.  The  work  of  installation  is 
reduced  practically  to  fastening  the  switch,  controlling  panel, 
battery,  and  dynamo  to  the  car.  It  has  been  found  possible 
to  arrange  lighting  systems  in  such  a  manner  that  the  only 
connections  which  need  to  be  made  by  the  user,  are  those  be- 
tween the  system  of  wiring  and  the  dynamo,  and  also  to  the 
battery  terminals. 

By  arranging  the  dynamo  connections  with  different  sizes 
of  binding  posts,  so  that  the  wires  cannot  be  put  on  in  wrong 
order,  and  treating  the  battery  binding  posts  in  the  same  man- 
ner, the  chances  of  trouble  due  to  improper  wiring  are  reduced  to  a 
minimtun,  and  satisfaction  is  secured  from  the  point  of  view 
both  of  the  manufacturer  and  the  automobile  owner. 
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ADVANTAGES  OF  CLUTCH  TYPE  GENERATOR  AND 
SEPARATE  STARTING  AND  LIGHTING 
UNITS  FOR  MOTOR   CARS 

BY   ALEXANDBR   CHURCHWARD 

For  supplying  current  for  starting  and  lighting  the  modem 
motor  car  a  constant-speed  dynamo  has  many  advantages  over 
every  other  type  of  dynamo,    viz: 

1.  It  charges  a  battery  as  it  shotdd  be  charged;  that  is,  with 
a  comparatively  large  current  when  the  battery  is  low  and  empty, 
tapering  off  to  a  small  charging  rate  when  the  battery  is  full  and 
at  the  gassing  point. 

2.  Its  comparatively  low  speed,  even  at  high  car  speed,  means 
long  life,  small  wear  and  maintenance,  and — what  is  most 
necessary — reliability . 

3.  Its  efficiency,  even  with  great  slipping  of  the  clutch,  is 
higher  than  that  of  a  machine  controlled  by  a  **bucking  series" 
coil  or  by  regulation  of  the  field  current. 

In  other  words,  the  loss  due  to  the  friction  and  slipping  of  the 
clutch  is  less  than  the  core  loss  of  variable  speed  machines  run- 
ning at  high  speeds. 

4.  Its  ability  to  run  the  lights,  even  when  the  battery  is 
disconnected — ^accidentally  or  otherwise. 

5.  It  can  be  geared  to  cut  in  at  very  low  car  speeds,  as  the 
speed  of  the  dynamo  armature  never  exceeds  a  safe,  prede- 
termined limit. 

Experience  has  shown  in  the  past  four  years  that  it  is  far  better 
to  charge  a  battery  at  a  moderate  rate  whenever  the  car  attains 
a  speed  of  8  miles  (12.8  km.)  per  hour  than  to  charge  at  a  very 
low  rate  at  10  miles  (16  km.)  per  hour  and  gradually  increase 
the  charging  rate  as  the  car  speed  rises.    A  variable-speed, 
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constant-current  dynamo,  giving  enough  current  to  take  care 
of  the  lights,  invariably  over-charges  the  battery  on  long  day- 
light runs  of  some  hours'  duration.  The  user  may  not  have  to 
renew  the  battery  frequently,  but  the  direct  effect  is  to  boil  the 
solution  out  of  the  battery,  and  at  some  time  when  current  is 
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hours  charging 
Fig.  1 — Taper  Charge  Effect  of  Constant-Speed  Dynamo. 

needed  the  battery  fails  because  of  a  lack  of  electrolyte;  or 
whatever  electrolyte  is  left  is  so  concentrated  as  to  injure  the 
plates. 

This  is  not  the  case  with  a  constant-speed  machine,  which  gives 
neither  constant  current  nor  constant  potential.     When  the 
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Pig.  2 — Overcharging  Effect  of  Variable-Speed  Dynamo. 


battery  is  low  it  will  give  a  comparatively  heavy  current,  say 
10  amperes,  which  will  taper  off  to  four  or  five  amperes  as  the 
battery  becomes  fully  charged,  the  voltage  rising  from  approxi- 
mately 6.5  volts  to  7.75  volts  when  battery  of  three  cells  is  fully 
charged.     Fig.  1  shows  the  tapering  charge  effect;  while  Fig.  2 
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shows  the  over-charge  effect  of  a  variable-speed  machine;  the 
battery  voltage  rising  to  over  eight  volts,  from  which  of  course 
the  lamps  and  battery  would  both  suffer. 

The  constant-speed  machine  can  be  compounded  so  that  when 
lamps  are  ttuned  on  it  will  maintain  a  constant  potential  of  a 
proper  value  at  the  lamps. 

The  advantages  of  the  compound- wound,  constant-speed 
dynamo,  that  is  compound- wound  for  lighting  and  shtmt- wound 
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Fig.  3 — Taper  Chargb  and  Compound  Characteristics  of  Dynamo 


for  charging  battery,  must  be  at  once  apparent  to  even  the  most 
casual  observer: 

1.  Proper  rate  of  charging,  dependent  upon  condition  of 
battery. 

2.  Tapering  charge  as  battery  is  filled  up. 

3.  SuflScient  current  to  light  the  lamps  and  to  put  a  small 
charge  into  the  battery.  Take  for  example  a  system  equipped 
with  lamps  that  call  for  a  total  of  eight  amperes  at  six  volts: 
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The  charging  rate  to  the  battery  will  vary  from  10  amperes 
when  the  battery  is  cold  and  low  to  five  amperes  when  the  bat- 
tery is  warm  and  charged. 

If  we  now  ttun  on  the  lamps,  which  are  connected  through 
the  series  or  compound  winding,  the  machine  will  give  nine 
amperes,  the  battery  receiving  at  first  one  ampere,  while  its 
counter  electromotive  force  is  high  from  just  coming  off  charge; 
but  it  will  gradually  settle  until  the  d3mamo  is  giving  10  amperes, 
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eight  of  which  go  to  the  lights  and  two  to  the  battery.  This 
will  keep  the  battery  voltage  at  approximately  6.6  volts.  There 
will  be  a  drop  in  the  wiring,  instruments,  etc.,  of  from  0.4  to  0.5 
of  a  volt,  so  that  the  voltage  at  the  six-volt  lamps  will  be  main- 
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tained  within  0. 1  of  a  volt.  Figs.  3, 4  and  5  show  how  the  potential 
is  maintained  at  the  lamps. 

Mention  has  been  made,  above,  only  of  a  lamp  potential  of 
six  volts,  corresponding  to  three  cells  of  lead  battery,  as  we  have 
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Fig.  6 — Characteristics  of  Six- Volt  Series- Wound 
Starting  Motors. 


found  that  it  is  possible  to  design  our  starting  system  so  that 
we  have  a  more  efficient  motor  at  six  volts — the  standarc^voltage 
for  ignition — than  most  of  the  other  systems  using  18  to  24 
volts. 
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Experience  in  designing  electric  automobile  motors  during 
the  past  15  years  has  demonstrated  that  to  get  the  most  out 
of  a  battery,  regardless  of  the  number  of  cells,  the  best  design 
which  can  be  employed  is  a  series  motor  with  a  steep  torque 
characteristic  (see  Fig.  6). 

A  shunt-wound  djoiamo  at  constant  speed  being  the  best 
for  charging  batteries,  and  having  characteristics  exactly  op- 
posite to  those  of  a  series  motor,  explains  the  reason  for  our 
adopting  the  two-unit  electrical  system  for  starting  and  lighting. 
For  the  same  generator  output  and  the  same  power  delivered 
as  a  motor,  a  single  unit  cannot  be  built  any  lighter  or  cheaper 
than  a  two-unit  system. 

It  is  unnecessary  to  point  out  why  the  two-unit  electrical 
sytem  is  more  reliable  than  a  single-unit  system,  as  one  unit 
can  fail  without  crippling  the  car. 

In  regard  to  weight  of  different  voltage  systems,  the  single 
unit  system  almost  always  calls  for  a  larger  niunber  of  cells  in 
series  for  starting,  and  in  multiple  for  lighting.  The  battery 
capacity  is  invariably  fixed  by  the  lighting  conditions,  and  not 
by  the  starting  conditions;  and  the  amount  of  power  required 
for  starting  is  very  small  compared  with  that  required  for  lighting. 
In  fact,  it  is  only  a  surface  discharge.  For  instance: 
Take  a  six-volt  battery  of  80-ampere-hour  capacity,  that  is, 
eight  amperes  for  10  hours.  It  will  require  11  plates  per  cell, 
five  positive  and  six  negative,  or  15  positive  and  18  negative 
total;  and  compare  it  with  a  battery  for  24- volt  starting  system 
using  four  sets  of  batteries  in  parallel  for  lighting,  each  cell  con- 
sisting of  two  positive  plates  and  three  negative,  or  a  total  of 
24  positive  and  36  negative,  let  alone  extra  jars,  acid,  connectors, 
etc.,  which  will  increase  the  weight  approximately  20  per  cent 
above  that  of  the  six-volt  battery  of  the  same  capacity. 

Take  another  example  of  a  12-volt  starting,  and  12-volt, 
three-wire  lighting  system:  The  same  battery  capacity  will 
be  needed,  only  in  this  case  40  ampere-hours  at  12  volts;  there- 
fore, there  will  be  three  extra  positive  and  six  extra  negative 
plates,  or  one  per  cell;  also  extra  acid  CKtra  connectors,  etc.; 
and  the  increase  of  weight  will  be  approximately  10  per  cent, 
or  as  much  as  the  weight  of  the  j?:enerator  unit  itself. 

Therefore,  the  writer  maintains  that  a  six-volt  double  unit 
system  properly  designed  and  built  will  weigh  less  and  be  more 
efficient  per  pound  than  any  system  designed  for  a  higher  volt- 
age. 
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ELECTRICAL  EQUIPMENT  OP  GASOLINE 
AUTOMOBILES 


BY  FRANK  CONRAD 


The  principal  electrical  devices  used  on  the  gasoline  automobile 
perform  the  functions  of  ignition,  lighting  and  engine  starting, 
their  relative  importance  being  in  the  order  given.  The  service  of 
the  first  two  elements  is  of  a  continuous  nature;  that  of  the  third 
is  intermittent  and  momentary.  The  success  of  the  gasoline 
motor  is  intimately  connected  with  the  success  of  the  ignition 
system,  a  condition  which  has  resulted  in  the  development  of 
this  device  to  a  high  degree  of  perfection. 

The  ignition  device  in  its  simplest  terms  consists  of  a  source  of 
electrical  supply,  an  induction  coil  for  producing  a  high-voltage 
discharge  from  an  insulated  to  a  grounded  electrode  in  the 
firing  chamber,  and  a  control  device  or  timer  for  making  and 
breaking  the  primary  circuit  of  the  induction  coil.  The  condi- 
tions which  have  to  be  met  by  this  ignition  system  comprises 
an  unfailing  source  of  electrical  energy,  an  igniting  spark  at  all 
operating  speeds  and  accurate  timing  of  this  spark.  The  dry 
batteries  used  in  the  earlier  systems  were  found  to  be  unreliable. 
This  caused  attention  to  be  turned  to  some  form  of  generator,  and 
due  to  its  greater  simplicity  and  greater  range  of  operating  speed, 
the  permanent  magnet  type,  or  magneto,  was  found  to  be  the 
most  suitable.  This  apparatus  possesses  several  inherent  fea- 
tures which  are  desirable  in  a  spark-producing  device.  Thus 
the  voltage  induced  in  its  windings  is  approximately  prbportional 
to  the  speed.  This  tends  to  maintain  a  constant  spark  at  all 
speeds,  as  the  duration  of  current  flow  in  the  primary  circuit 
will  be  inversely  proportional  to  the  speed  of  the  ignition  device. 

With  the  advent  of  electric  lighting,  a  generator  of  different 
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characteristics  from  that  of  the  ignition  machine  was  required. 
As  light  is  required  during  periods  when  the  generator  is  not 
operating,  the  use  of  a  storage  battery  is  entailed,  and  as  the 
generator  must  operate  in  parallel  with  this  battery  over  a  wide 
range  of  speed,  its  terminal  voltage  must  be  nearly  constant  over 
this  range.  For  this  reason,  and  in  view  of  the  previous  high  de- 
velopment of  the  magneto,  it  was  at  first  found  most  convenient 
to  install  a  separate  generator  for  the  lighting  system,  the  igni- 
tion thus  being  operated  from  a  generator  having  a  voltage  char- 
acteristic approximately  proportional  to  the  speed  and  the  light- 
ing system  from  a  generator  having  a  voltage  characteristic  in- 
dependent of  the  speed  within  its  working  limits. 

As  a  step  towards  simplification,  it  would  seem  desirable  to 
modify  the  electric  equipment  so  that  a  single  generator  could  be 
used,  for  fiuiiishing  power  both  to  the  ignition  apparatus  and  the 
lighting  system.  It  is  of  course  evident  that  this  generator  would 
require  to  be  of  the  constant  voltage  type,  as  it  is  necessary  that 
it  operate  in  conjunction  with  a  storage  battery.  This  involves 
the  redesign  of  the  ignition  system  so  that  it  will  operate  from 
a  constant  potential  supply.  The  earlier  form  of  ignition  device, 
consisting  of  an  induction  coil  having  a  vibrating  contactor 
and  controlled  by  a  timing  device  driven  synchronously  with 
the  engine,  met  this  condition,  but  it  embodied  several  defects 
that  it  was  possible  to  correct  in  the  magaeto  ignition  device. 
In  a  simple  induction  coil  device,  the  contact  is  made  at  a  pre- 
determined point  on  the  travel  of  the  engine  crank  shaft,  and 
after  the  elapsed  time  required  for  the  current  to  build  up  in  the 
primary  of  the  induction  coil,  it  is  broken  by  the  magnetically 
operated  vibrator.  This  vibrator  continues  to  make  and  break 
the  primary  circuit  as  long  as  the  contact  on  the  engine-driven 
timer  remain  closed.  The  result  is  a  series  of  sparks  in  the  engine 
cylinder  at  each  firing  period.  Due  to  the  fixed  time  period 
between  the  make  of  the  circuit  by  the  timer  and  the  spark  in 
the  cylinder,  there  will  be  a  corresponding  lag  of  this  spark 
as  the  speed  of  the  engine  is  increased,  thus  requiring  adjustment 
of  the  timer  for  the  particular  speed  at  which  the  engine  is  op- 
erated in  order  to  obtain  efficient  results. 

To  obviate  this,  the  time  of  break  in  the  primary  of  the 
ignition  system  should  be  mechanically  determined  by  the  ro- 
tation of  the  engine,  thereby  avoiding  the  lag  inherent  in  the 
magnetically  operated  breaker. 

In  the  magneto  device,  this  condition  is  met,  as  no  magnetic- 
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ally  operated  contactor  is  used,  the  primary  circuit  being 
opened  and  closed  mechanically  by  the  rotating  element.  There- 
fore, there  will  be  no  lag  of  the  spark  as  the  speed  of  the  engine 
is  increased.  This,  however,  implies  that  the  duration  of  cturent 
flow  in  the  primary  circuit  will  be  correspondingly  shorter  at 
the  higher  speeds.  However,  as  the  magneto  generates  a  cor- 
respondingly higher  voltage,  the  result  will  be  an  increased  rate 
of  building  up  of  primary  current  which  will  compensate  for 
this  shorter  time,  thus  maintaining  a  constant  volume  of  spark. 
Unfortunately,  in  actual  practise,  this  condition  will  be  some- 
what overdone,  thus  at  the  low  operating  speeds,  the  voltage 
generated  will  be  insufficient  to  produce  normal  current  flow, 
owing  to  the  resistance  and  losses  in  the  device,  and,  at  the  very 
high  speeds,  the  voltage  will  have  increased  to  such  a  value 
that  the  resistance  losses  will  have  a  very  slight  effect,  so  that 
^^  the  secondary  induced  current  will 

reach  its  highest  value. 

In  the  case  of  the  ignition  device 
operated  from  a  constant-potential 
circuit  and  having  a  fixed  angtdar 
time  of  contact,  the  opposite  result 
will  be  obtained;  that  is,  at  the  very 
low  operating  speeds,  the  current  in 
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Current  resistance  of  the  circuit,  while  at  the 

very  high  engine  speeds,  sufficient 
time  may  not  have  elapsed  for  the  current  to  build  up  to  a 
value  necessary  to  obtain  a  satisfactory  spark.  It  is  therefore 
necessary  to  introduce  some  opposing  feature  which  will  limit 
the  current  at  the  lower  speeds,  and  still  permit  of  sufficient 
flow  at  the  higher  speeds.  A  device  in  which  this  has  been 
accomplished  will  have  advantages  over  the  magneto,  in  that  it 
will  have  no  minimum  operating  speed,  and,  in  addition,  at  the 
higher  operating  speeds,  the  secondary  current  will  not  be  of 
sufficient  value  to  bum  away  the  spark  plug  electrodes  un- 
necessarily. 

The  oscillograms  show  the  current  wave  shape  of  the  primary 
and  secondary  circuits  of  an  induction  coil  used  with  such  a 
system.  Fig.  1  is  the  primary  current,  in  which  contact  has  been 
made  for  a  sufficient  time  to  allow  the  current  to  build  up  to  its 
maximum  value,  which  is  approximately  eight  amperes.     With 
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this  coil  a  primary  current  of  about  five  amperes  is  required  to 
give  a  satisfactory  discharge  in  the  secondary  circuit,  and  from 
the  oscillograms  it  can  be  seen  that  about  0.003  second  is  re- 
quired for  current  to  build  up  to  this  value. 

In  the  case  of  the  four-cylinder  engine  in  which  the  ignition 
device  is  driven  at  engine  speed,  this  would  require  an  arc  of 
contact  at  200  revolutions  per  minute  of  3.6  deg.,  and  at  2000 
revolutions  per  minute,  36  deg. 

Pig.  2  is  an  oscillogram  of  the  current  in  the  secondary  circuit 
of  this  coil.  Pig.  3  shows  an  oscillogram  of  the  secondary 
circuit  of  a  well-known  magneto  ignition  device.  A  comparison 
of  the  two  oscillograms  would  indicate  that  the  magneto  would 
produce  a  very  much  hotter  spark  than  in  the  case  of  the  con- 
stant   potential    device.     Analysis,    however,    will    show   that 
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the  initial  current  flow  of  the  two  devices  is'practically  the  same, 
the  difference  being  that,  in  the  case  of  the  magneto,  this  flow 
is  maintained  for  a  considerable  period,  the  maintenance  of  the 
current  being  brought  about  by  the  construction  of  the  magneto, 
in  that  the  primary  and  secondary  windings  are  wound  directly 
on  the  revolving  armattire,  the  secondary  winding  therefore  cut- 
ting the  magnetic  field  by  the  revolution  of  the  armature,  the 
same  as  the  primary  circuit.  When  due  to  the  interruption 
of  the  primary  circuit,  an  induced  voltage  is  set  up  in  the  second- 
ary circuit;  the  current  flow  across  the  spark  plug  electrodes, 
which  is  started  by  this  high  voltage,  will  be  maintained  by 
the  voltage  induced  by  the  rotation  of  the  secondary  winding 
in  the  magnetic  field.  This  continued  current  flow,  however, 
has  no  practical  advantages,  as  the  explosive  gases,  which 
directly  surround,  and  are  in  range  of,  the  sparking  points,  are 
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burned  in  a  period  of  time  probably  not  exceeding  0.001  second. 
A  continued  maintenance  of  the  arc  would  therefore  be  of  no  fur- 
ther value,  and  would  only  cause  the  spark  plug  electrodes  to 
be  needlessly  burned  away. 

An  interrupter  mechanism  for  controlling  the  flow  of  primary 
current,  and  which  has  been  designed  in  line  with  the  condi- 
tions outlined  above,  is  shown  in  Fig.  4.  In  this  device  the 
angular  time  of  contact  is  varied  with  the  speed  within  working 
limits,  so  that  the  primary  current  will,  at  all  speeds,  build  up 
to  approximately  the  same  value,  thus  producing  a  constant 
spark  in  the  explosion  chamber. 

This  action  is  brought  about  by  two  centrifugal  operating 
cams  which  change  their  position  with  change  in  speed  so  that 
the  contact  device  is  held  closed  for  an  approximately  constant 
time.  This  cam  device  not  only  performs  the  function  of 
maintaining  a  constant  angular  time  contact,  but  also  advances 
the  time  of  break  with  increase  of  speed  to  allow  for  the  average 
time  required  for  the  combustible  mixture  in  the  cylinder  to 
explode.  This,  in  the  magneto  device,  is  accomplished  by  manual 
adjustment  for  the  different  speeds. 

It  is  not  possible  to  eliminate  entirely  the  manual  control, 
as  there  are  other  conditions  than  that  of  speed  which  determine 
the  proper  firing  point,  such  as  the  quality  of  the  explosive 
mixture  and  the  temperature  of  the  engine  cylinders.  This 
adjustment,  however,  is  not  required  for  each  change  in  speed, 
but  rather  for  the  general  conditions  under  which  the  engine  is 
operating,  so  that  only  occasional  attention  to  this  control  will 
be  required.  By  the  use  of  this  variable  contact  device,  it  is 
J  possible  to  operate  the  coil  at  its  most  eflScient  point,  thus  ob- 
taining a  good  spark  throughout  the  working  range  of  speed 
and  with  a  minimum  current  consumption. 

An  advantage  of  an  ignition  system  of  this  tjrpe  is  that  it 
is  possible  to  mount  it  directly  on  the  lighting  generator  so  that 
it  forms  part  of  the  same,  thus  obviating  the  additional  drive 
which  is  required  in  the  case  of  a  separate  ignition  system  and, 
furthermore,  it  has  the  advantage  over  the  magneto  type,  in 
that  it  has  no  minimum  operating  speed,  a  spark  being  produced 
no  matter  how  slowly  the  engine  is  being  turned  over,  thus  lend- 
ing itself  particularly  to  applications  in  which  an  electric  motor 
is  used  to  turn  over  the  engine  for  starting  purposes. 

As  it  is  desirable  that  the  combined  generator  and  ignition 
device  be  installed  on  the  same  mounting  and  drive  furnished 
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for  the  usual  magneto,  the  generator  should  be  so  designed  that 
it  will  have  the  proper  range  of  operating  speed.  For  a  four- 
cylinder  arrangement  this  is  equivalent  to  the  engine  speed,  and, 
on  a  six-cylinder  engine,  to  one  and  a  half  times  engine  speed. 
It  has  been  found  in  practise  that  it  is  desirable  to  have  the  gen- 
erator capable  of  delivering  an  amount  of  current  equivalent 
to  the  average  lamp  load  when  the  car  is  being  operated  at  a 
speed  of  15  miles  (24  km.)  per  hour.  With  the  average  gear 
ratio  and  size  of  wheels,  this  would  be  approximately  600 
rev.  per  min.  of  the  generator,  the  maximum  running  speed 
would  be  in  the  neighborhood  of  2000  rev.  per  min.  This  would 
give  a  working  range  of  speed  of  from  500  to  2000  rev.  per  min. 
on  the  four-cylinder,  and  750  to  3000  on  the  six-cylinder  engine. 

The  illustration.  Fig.  5,  shows  a  completed  device  of  this  type 
suitable  for  a  6-cylinder  engine.  The  induction  coil  is  mounted 
directly  in  the  high-tension  distributor,  so  that  there  are  no 
high-tension  connections  except  the  leads  to  the  spark  plugs  on 
the  cylinders.  It,  therefore,  in  all  respects,  will  be  equivalent 
to  a  high-tension  magneto  of  the  self-contained  type,  and  has 
advantages  of  a  constant  spark  at  all  speeds,  thus  giving  very 
good  operation  at  low  engine  speed,  and  of  furnishing  powei^for 
lights  and  charging  storage  batteries.  The  regulation  of  the 
generator  is  obtained  by  means  of  a  demagnetizing  series  coil 
in  the  circuit  of  the  battery,  thus  maintaining  constant  charging 
current.  The  lighting  circuit  is  so  connected  that  the  current 
supplied  directly  to  the  lamps  will  not  pass  through  the  series 
coil.  This  tends  to  maintain  a  constant  charging  current  inde- 
pendent of  the  lamp  load,  and  allows  of  this  charging  current 
being  adjusted  for  a  minimum  value.  The  curve.  Pig.  6,  shows 
the  output  of  this  generator  at  varying  speeds,  with  and  with- 
out a  lamp  load  of  nine  amperes. 

For  starting  the  gasoline  engine,  a  motor  is  used  which  draws 
power  from  the  storage  battery.  There  are  two  general  schemes 
possible,  namely,  the  use  of  the  lighting  generator  as  a 
motor,  and  the  use  of  a  separate  motor.  The  power  required 
for  turning  over  the  average  engine,  at  the  speeds  commonly 
employed,  will  range  from  one-half  to  one  horse  power.  It  is 
therefore  evident  that,  if  the  lighting  generator  should  be  used  as 
a  starting  motor,  and  at  its  normal  operating  speed,  it  would 
require  an  extremely  heavy  machine.  In  order  to  reduce  this 
weight,  a  special  driving  arrangement  might  be  furnished  which 
would  allow  the  generator  to  operate  at  engine  speed  when 
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being  driven  as  a  generator,  and  allow  a  considerable  speed 
reduction  from  this  generator  to  the  engine  when  being 
operated  as  a  motor.  This  implies  a  low-speed  generator 
and  a  high-speed  motor,  which,  for  efficient  design,  neces- 
sitates double  windings  and  commutators.  Due  to  the  gen- 
eral complication  of  this  arrangement,  the  scheme  of  using 
a  separate  starting  motor  is  to  be  preferred.  This  motor  can 
have  its  proportions  best  worked  out  for  its  operation  as  a  motor, 
and  without  the  use  of  any  inactive  material,  which  would  be 
necessary  in  the  case  of  a  combination  machine.  In  order  to 
reduce  its  weight  to  the  lowest  possible  amount,  it  should  be 
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speed  rev. per  min. 
Pig.  6 


operated  at  the  highest  speed  consistent  with  the  use  of  an 
efficient  gearing  between  the  motor  and  engine,  the  normal 
operating  speed,  in  actual  practise,  being  between  the  limits 
of  1000  and  2500  rev.  per  min.,  the  higher  speeds  being  used 
where  weight  is  the  paramount  consideration,  and  the  lower 
speeds  being  used  where  it  is  necessary  that  a  very  quiet  drive 
be  obtained. 

From  the  point  of  view  of  the  design  of  the  motor,  there  are 
no  particular  characteristics  required  other  than  those  obtained 
with  a  series  motor.  The  efficiency  should  be  as  high  as  is  con- 
sistent with  light  weight,  and  the  locked  torque  should  be  as 
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great  as  possible,  in  order  to  minimize  the  possibility  of  failure 
to  start  when  the  engine  is  cold  and  stiff. 

In  the  gearing  between  the  motor  and  engine,  there  are 
certain  conditions  which  must  be  met,  due  to  the  peculiarity 
of  the  load  which  the  motor  is  driving.     It  is  necessary  to  intro- 
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anguur  displacement  from  dead  center 
Fig.  7 — Turn-over  Torque  of  Four-Cylinder  Engine. 


duce  some  device  which  will  prevent  the  gasoline  engine  from 
driving  the  motor,  as,  due  to  the  comparatively  high  gear  ratio, 
the  motor  will  be  operating  at  an  excessive  speed  at  even  a 
comparatively  low  operating  speed  of  the  gasoline  engine. 
This  device  consists  of  what  is  known  as  an  over-running  clutch. 
The  torque  also  varies  considerably  during  each  revolution  of 
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Fig.  8 — Turn-over  Torque  of  Six-Cylinder  Bngine. 


the  engine,  due  to  the  compression  and  expansion  of  the  gases 
in  the  cylinders,  this  variation,  of  course,  being  much  greater 
in  a  four-  than  in  a  six-cylinder  engine.  The  curve,  Fig.  7, 
shows  the  relative  torques  required  by  a  four-cylinder  engine 
under  two  conditions,  namely,  that  of  low  temperature  involving 
high  friction  losses  due  to  cold  oil  in  the  bearings,  and  under  the 
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condition  of  high  temperature,  which  greatly  reduces  the  friction. 
The  curve,  Fig.  8,  shows  the  torque  required  by  a  six-cylinder 
engine  under  the  same  conditions. 

It  will  be  seen  that  in  the  case  of  the  hot  four-cylinder  engine, 
the  torque  required  to  drive  it  during  certain  parts  of  a  revolu- 
tion is  negative,  the  engine  thus  tending  to  drive  the  starting 
motor.  In  order  to  secure  a  quiet  drive,  it  is  essential  that, 
in  the  disconnecting  devices  used  between  motor  and  engine, 
there  be  no  appreciable  back-lash  or  lost  motion  in  the  over- 
running clutch  device.  The  effect  of  this,  however,  can  be  mini- 
mized by  reducing  the  inertia  of  the  starting  motor  armature 
so  that  it  can  more  closely  follow  the  speed  of  the  gasoline 
engine  over  the  period  of  negative  torque.  The  effect  also  de- 
creases with  increase  of  cranking  speed. 

As  the  service  of  the  starting  devices  is  of  a  momentary  nature, 
it  is  customary  to  so  proportion  the  design  that  the  apparatus  is 
worked  under  conditions  of  excessive  overload,  as  compared  to 
continuously  operated  devices.  This  is  particularly  true  as  re- 
gards the  storage  battery,  the  usual  discharge  rates  being  some- 
where in  the  neighborhood  of  the  20-minute  rate.  In  order  to  re- 
duce to  a  minimum  the  internal  drop  under  this  excessive  rate, 
a  much  thinner  plate  is  used  than  is  the  case  with  batteries  in- 
tended to  be  operated  only  under  normal  rating.  The  contin- 
uous capacity  of  the  motor  should  be  such  that  it  can  completely 
discharge  a  fully  charged  battery  under  any  conditions  without 
injury. 

Fig.  9  shows  a  complete  installation  on  an  automobile  engine 
of  a  set  of  units  as  described  above.  In  this  application, 
the  starting  motor  is  motmted  on  the  top  of  the  fl5rwheel  casing 
and  drives  the  engine  through  a  gear  cut  in  the  periphery  of  this 
flywheel,  a  push  button  projecting  through  the  dash  serving 
to  operate  the  control  switch  and  shift  a  sliding  pinion  into  mesh 
with  the  fl5rwheel  gear. 

Where  the  starting  motor  is  connected  to  the  engine  through 
the  medium  of  a  chain  drive  there  is  no  sliding  gear  used,  but 
the  sprocket  wheel  on  the  engine  shaft  drives  through  the  medium 
of  an  over-running  clutch.  This  allows  the  starting  motor  to 
drive  the  engine,  but  permits  of  free  running  of  the  engine, 
independent  of  the  starting  motor.  The  control  device  consists 
of  a  simple  switch  in  the  starting  motor  circuit. 
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Discussion  on  "  Dynamo  Electric  Lighting  for  Motor 
Cars  "  (Waller),  "  Advantages  op  Clutch  Type  Gen- 
erator AND  Separate  Starting  and  Lighting  Units 
FOR  Motor  Cars  "  (Churchward),  and  "  Electrical 
Equipment  of  Gasoline  Automobiles  "  (Conrad),  New 
York,  N.  Y.,  November  14,  1913. 

H.  Ward  Leonard:  I  should  like  to  put  before  the  meeting 
what  I  think  are  a  few  of  the  desirable  features  we  should  strive 
to  reach  in  an  automatic  lighting  system  for  charging  a  storage 
battery  and  operating  the  Ughts  upon  a  motor  car,  and  I  think 
the  same  conditions,  so  far  as  the  automatic  lighting  and  charg- 
ing are  concerned,  may  apply  equally  well  to  the  case  of  train 
lighting.  These  are  very  broad  generalities  that  I  shall  specify 
and  while,  in  each  case,  they  may  have  be«i  already  realized 
in  some  one  of  the  various  systems,  I  am  not  sure  that 
there  is  upon  the  market  at  the  moment  any  one  system 
that  contains  them  all.  The  points  to  which  I  refer  are  as 
follows: 

1.  The  automatic  regulator  shall  so  control  the  d3ntiamo  out- 
put that  tmder  all  working  conditions,  including  accidental 
short  circuit,  the  dynamo  ctirrent  shall  not  exceed  its  normal 
full-load  rated  ciurent. 

2.  The  automatic  control  shall  be  such  that  current  will  be 
forced  through  the  battery  even  if  its  resistance  be  abnormally 
high  due  to  bad  sulphating  of  the  plates  caused  by  neglect, 
the  object  being  to  insure  the  automatic  removal  of  all  stdphate, 
thereby  restoring  the  battery  to  good  working  condition. 

3.  All  movable  elements  of  automatic  regulating  devices 
shall  act  independently  of  dash  pots,  liquids,  frictional  driv- 
ing devices,  pivots,  oil,  grease,  graphite,  centrifugal  devices, 
and  shall  be  substantially  independent  of  the  effects  of  gravity, 
and  shocks  of  the  road. 

4.  The  automatic  regulator  shall  not  have  any  part  subject 
to  wear  and  therefore  requiring  adjustment  by  the  operator. 

5.  The  automatic  regulator  shall  be  unaffected  by  any  changes 
of  temperature  met  with  in  practise,  and  the  d3mamo  current 
shall  be  independent  of  the  changes  of  temperature  to  whidi 
its  windings  are  subjected  in  practise. 

6.  The  racing  of  the  engine  shall  not  materially  increase 
the  ciurent  produced  by  the  djmamo  even  momentarily,  the 
object  being  to  avoid  subjecting  the  lamps  to  excessive  voltage 
with  consequent  blackening  and  possible  instantaneous  burnout. 

7.  As  soon  as  the  battery  is  so  fully  charged  as  to  be  gas- 
sing strongly,  the  current  shall  be  automatically  reduced  to 
prevent  the  driving  off  of  the  water  of  the  battery  solution. 

8.  There  shall  be  provided  in  plain  sight  of  the  operator  an 
automatic  indicator,  which  shall  continually  and  positively 
indicate  whether  the  battery  is  fully  charged  or  not,  and  whether 
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the  battery  is  being  charged  or  discharged,  and  the  value  of 
the  current  into  or  from  the  battery. 

9.  In  case  the  battery  be  broken  or  inoperative  for  any 
reason,  it  shall  be  possible  for  the  lamps  to  be  operated  by  the 
dynamo  alone,  tmder  ordinary  operating  conditions. 

My  experience  in  this  line  dates  back  to  the  time  when,  in 
1888,  I  put  on  the  first  train  lighting  system  in  this  cotmtry, 
which  operated  between  Chicago  and  Milwaukee,  and  I  learned 
at  that  time,  or  thought  I  did,  that  the  chief  problem  in  a  case 
of  this  character  is  to  maintain  the  battery  in  perfect  condition, 
in  a  condition  ready  to  perform  its  duty  at  all  times;  and  this 
seems  to  be  equivalent  to  saying  that  the  battery  must  be 
kept  absolutely  free  from  sulphate  and  able  to  deliver  its  full 
capacity.  I  think  that  is  the  case  in  the  hghting  and 
storage  system  in  automobiles  where  there  is  such  a  strong 
demand  made  upon  the  battery  relative  to  the  area  of  the  plates. 
It  is  necessary  to  keep  that  battery  in  perfect  condition  all  the 
time  if  we  are  going  to  avoid  failures  in  the  future.  My  opinion 
of  the  matter  is  that  this  boils  down  to  the  statement  that 
the  whole  problem  really  hangs  upon  the  design  of  the  con- 
troller of  the  dynamo. 

Leonard  Kebler:  In  reading  over  the  paper  by  Mr.  Church- 
ward, I  notice  a  statement  which  differs  from  my  previous 
ideas  upon  this  subject. 

Mr.  Churchward,  speaking  of  the  constant-speed  dynamo, 
says:  "  Its  efficiency,  even  with  great  slipping  of  the  clutch, 
is  higher  than  that  of  a  machine  controlled  by  a  bucking  series 
coil,  or  by  regtdation  of  the  field  current.  " 

This  statement  is  quite  contradictory  to  the  theory  which 
I  have  always  held  in  regard  to  this  matter,  and  I  therefore 
have  had  some  tests  made  to  check  this  up. 

The  theory  pertaining  to  this  is  that  when  a  motor  arma- 
ture is  driven  at  a  constant  speed  and  generates  a  constant 
current  tmder  any  one  condition  of  the  battery,  with  a  con- 
stant field,  then  the  torque  necessary  to  drive  this  armature 
must  be  constant.  The  driver  of  a  sHpping-clutch-controlled 
armature  varies  in  speed,  but,  as  stated  above,  the  torque  re- 
mains constant.  The  power  of  the  driver  is  the  product  of  the 
torque  times  the  speed,  so  in  this  case  the  power  wiU  vary  di- 
rectly as  the  speed. 

In  practise  the  clutch  begins  to  slip  at  a  speed  of  approxi- 
mately 14  miles  (22.5  km.)  an  hoxir,  and  at  higher  spe^s  the 
amperes  remain  practically  constant  under  any  one  circuit 
condition.  My  theory  is  that  at  42  miles  (67.6  km.)  per  hour 
the  dynamo  will  require  at  least  three  times  the  power  that  it 
does  at  14  miles  (22.5  km.),  although  the  output  remains  con- 
stant. 

The  results  of  my  tests  indicate  that  this  theory  is  correct. 
This  additional  power  necessary  at  higher  speeds  is  represented 
by  the  heat  generated  by  the  friction  clutch,  and  by  the  addi- 
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tional  power  necessary  to  drive  the  fan  which  is  used  to  cool 
this  clutch. 

This  friction  of  the  slipping  clutch  necessarily  entails  a  cer- 
tain amount  of  wear,  consequently  a  periodic  readjustment  of 
the  clutch  is  necessary.  Otherwise,  the  ampere  charging  rate 
will  become  gradually  lower  until  the  operator's  attention  is 
forcibly  called  to  the  low  rate  by  the  fact  that  the  battery  is 
not  sufficiently  charged. 

Mr.  Waller  described  a  system  which  employs  a  shtmt-wotmd 
dynamo  having  a  vibrating  arm  in  the  field  circuit,  this  arm 
being  actuated  by  the  armature  current,  to  rapidly  insert  and 
cut  out  a  resistance  in  series  with  the  field,  so  as  to  keep  auto- 
matically a  constant  armature  current.  I  know  from  tests 
made  in  the  past  that  such  a  system  takes  practically  the 
same  power  to  drive  at  all  speeds  above  say  14  miles  per  hour, 
so  I  assiuned  that  it  was  more  efficient  than  the  one  of  which 
Mr.  Churchward  says,  "  Its  efficiency,  even  with  great  slipping 
of  the  clutch,  is  higher  than  that  of  a  machine  controlled  by 
regulation  of  the  field  current.  " 

The  tests  made  were  as  follows:  A  variable-speed  electric 
motor,  the  speed  variation  being  obtained  by  inserting  resistance 
in  series  with  the  field,  was  run  idle  at  various  speeds  in  order 
to  find  the  power  necessary  to  run  it  idle  at  these  speeds.  It 
was  then  direct-connected  to  one  of  the  dynamos  equipped  with 
a  slipping  clutch  control,  and  was  nm  at  varying  speeds  with 
both  the  djmamo  armature  circuit  and  the  field  circuit  open, 
in  order  that  we  might  find  the  increased  power  necessary  to 
overcome  the  friction  losses,  fan  loss,  etc.,  of  the  dynamo.  The 
same  tests  were  then  made  with  one  of  the  shtmt-wound  dynamos 
emplo)dng  vibratory  control  in  the  shunt  field  circuit,  described 
by  Mr.  Waller.  Then  separate  runs  were  made  with  each  of 
these  two  dynamos,  the  dynamo  in  each  case  being  connected 
to  a  three-cell  storage  battery  and  the  controller  arranged  in 
each  case  to  deliver  approximately  8  amperes.  The  results 
of  these  tests  are  shown  graphically  in  Pig.  1. 

The  tests  show  that  at  about  2450  rev.  per  min.  the  motor 
driving  the  dynamo  with  the  slipping  clutch  reqtiired  2i  times 
as  much  power  to  drive  as  it  did  to  drive  the  shunt-wotmd 
machine  with  the  vibrating  controller.  In  each  case  the  am- 
peres generated  were  about  8. 

It  should  be  remembered  that  this  includes  the  loss  in  the 
electric  driving  motor,  and  if  we  deduct  the  amount  of  power 
necessary  to  drive  the  driving  motor  idle  at  2450  rev.  per  min. 
from  the  amount  of  power  required  when  the  slipping  clutch 
type  machine  and  the  shunt-wound  machine  respectively  were 
being  driven  by  it,  we  find  that  the  additional  power  necessary 
to  drive  the  slipping  clutch  machine  is  practically  3.8  times 
that  necessary  to  drive  the  shunt-wound  machine  with  the 
vibrating  regulator. 

It  is  common  practise  to  drive  the  driving  member  of  the 
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Pig.  1 — Power  Necessary  to  Drive  Dynamo  with  Slipping  Clutch 
Control,  and  Dynamo  with  Vibratory  Field  Control,  at  Various 
Speeds. 

Curve  A — Power  taken  by  driving  motor,  running  idle. 

Curve  B — Motor  driving  djmamo  with  vibratory  control,  all  circuits  open. 

Curve  C — Motor  driving  dynamo  with  ilipping  clutch  control,  all  drcutts  open 

Curve  D — Motor  driving  dynamo  with  vibratory  control,  charging  three-cell  battery 
at  rates  varying  from  8.2  to  9  amperes. 

Curve  B— Motor  driving  dynamo  with  slipping  clutch  control,  charging  three-eaU  battery 
at  rates  varying  from  6.5  to  8.5  amperes. 
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slipping  clutch  dynamo  in  question  at  2.7  times  engine  speed. 
With  this  drive  a  speed  of  2450  is  the  equivalent  of  about 
30  miles  (48.2  km.)  per  hotu*  of  the  average  motor  car,  geared 
3J  to  1  at  the  back  axle  with  36-in.  (91-cm.)  wheels.  When 
geared  in  this  way  the  slipping  clutch  dynamo  will  give  its 
full  output,  and  the  clutch  will  begin  to  slip  at  about  13  or  14 
miles  (21  or  22.5  km.)  an  hour.  It  will  be  noticed  that  at  30 
miles  (48.2  km.)  per  hour  the  slipping  clutch  dynamo  takes  about 
330  per  cent  more  power  to  drive  it  than  it  does  at  13  miles 
(21  km.)  per  hour.  Under  the  same  circtimstances  the  power 
necessary  to  drive  the  shunt-wotmd  dynamo  with  the  vibrating 
regulator  is  only  25  per  cent  greater  at  the  added  speed. 

Almon  W.  Copley:  Mr.  Churchward's  arguments  for  the  use 
of  a  clutch  type  generator  for  automobile  lighting  are  in  several 
instances  open  to  question.     In  his  second  reason  he  states  that 
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Curve  A — Bttcldng  series  coil  type 
Curve  B — Slipping  clutch  type 
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the  low  speed  of  the  armature  even  at  high  engine  speeds  insures 
long  life  and  reliability.  It  seems  to  me  that  he  is  overlooking 
a  very  important  part  of  the  apparatus  when  he  confines  himself 
to  the  armature.  It  is  true  that  this  type  of  generator  has  a 
low  armature  speed,  but  one  member  of  the  clutch  must  revolve 
at  very  much  greater  speed,  and  moreover,  it  must  be  driven  at 
this  speed  by  gearing  or  chain  drive  from  the  engine.  Mr. 
Churchward's  curves  show  that  this  part  must  nm  at  about  2\ 
times  engine  speed  and  the  problem  of  driving  at  this  speed  is  a 
very  serious  one.  Will  not  the  bearings  of  this  part  of  the  ma- 
chine wear  much  more  than  those  of  the  armature  of  an  engine- 
speed  bucking  series  coil  type  generator,  or  one  driven  at  IJ 
times  engine  speed?  The  question  of  the  wearing  of  the  chain 
or  gears  and  the  quietness  of  the  drive  must  also  be  considered. 
But  the  most  objectionable  feature  of  the  clutch  type  machine  is 
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the  clutch  itself.  It  can  hardly  be  supposed  that  this  clutch, 
slipping  as  it  does  practically  continuously,  can  stay  in  proper 
adjustment  and  can  have  either  the  long  life  or  the  reliability 
of  a  machine  not  using  this  device.  When  the  engine  is  nmning 
at  1500  rev.  per  min.,  i.e.,  40  miles  (64  km.)  per  hour  car  speed, 
one  clutch  member  is  revolving  at  3750  rev.  per  min.  and  the  other 
at  1200  rev.  per  min.,  and  with  this  slipping  of  2550  rev.  per  min. 
there  is  transmitted  energy  to  drive  the  armature  and  charge  the 
battery  at  8  or  10  amperes,  it  can  easily  be  seen  that  there  will 
be  a  great  amount  of  heat  generated  at  the  slipping  surface  and 
consequent  heavy  wear  and  shortened  life  of  the  parts. 

This  also  shows  the  weakness  of  the  fifth  argument  advanced 
by  Mr.  Churchward  for  the  use  of  this  type  of  machine. 

The  answer  to  the  third  argument,  i.e.,  the  comparative 
efficiency  of  slipping  clutch  type  and  bucking  series  coil  type  ma- 


SPC(D  OF  CAR  IN  MILES  PER  HOUR 

Pig.  3 — Tbst  of  Automobilb  Lighting  Gbnbrators,  with  Battbbt 
AND  8-AifPBRB  Lamp  Load 

Curve  A — Backing  aeries  coil  type 
Curve  B — SUppixig  clutch  type 

chines,  is  also  suggested  by  what  I  have  said.  If  there  is  a  large 
amount  of  heat  generated  at  the  clutch,  the  efficiency  of  a  machine 
incorporating  it  must  be  low.  Tests  just  completed  on  the  latest 
designs  of  the  best-known  make  of  each  of  these  two  types  of 
machine  demonstrate  this.  The  ctuves  in  Figs.  2  and  3 
show  the  results  of  the  test.  Fig.  2  gives  the  efficiences  of 
the  two  machines  at  varying  speeds  while  carrying  only  the  bat- 
tery charging  current  (the  lamp  load  disconnected).  Fig.  3  gives 
the  efficiency  with  an  8-ampere  lamp  load  connected.  It  seems 
to  me  that  these  show  clearly  the  falsity  of  Mr.  Chxirchward's 
theory.  The  efficiency  of  the  "  bucking  series  coil "  type  is 
lower  than  that  of  the  "  slipping  clutch  "  type  only  at  very  low 
car  speeds  with  lights  off,  and  at  medium  and  high  car  speeds,  or 
at  all  speeds  when  the  lights  are  on,  the  former  is  very  much 
higher  than  the  latter.    The  dropping  off  of  the  efficiency  of  the 
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bucking  series  coil  type  at  high  speed  is  not  such  as  to  indicate 
extreme  core  loss  under  this  condition  as  Mr.  Churchward 
implies. 

By  reference  to  the  curves  the  amount  of  energy  absorbed  by 
the  clutch  can  be  figured.  It  is  fair  to  assume  that  the  losses  in  the 
armature  of  the  machine  are  the  same  at  all  clutch  speeds  above 
1200  rev.  per  min.,  as  the  armature  runs  no  faster  than  this. 
At  1200  rev.  per  min.  the  efficiency  as  shown  in  Fig.  2  is  40  per 
cent.  The  energy  supplied  the  battery  is  66  watts.  This  makes 
the  losses  in  the  armature  99  watts.  Now  at  50  miles  (80. 5  km.) 
per  hour  (5000  rev.  per  min.)  the  energy  supplied  the  battery  is 
the  same  and  the  armature  loss  is  the  same,  totaling  165  watts, 
while  the  total  energy  reqtdred  to  drive  the  machine  is  800  watts. 
This  means  that  636  watts  are  absorbed  by  the  clutch  (almost  a 
horse  power).  The  clutch  cannot  absorb  this  energy  without 
getting  excessively  hot  and  certainly  cannot  stand  this  condition 
without  rapid  deterioration. 

I  wish  also  to  point  out  that  the  slipping  clutch  type  of  machine 
is  not  well  adapted  for  the  application  of  ignition  parts  to  it. 
The  best  type  of  machine  for  this  purpose  is  one  driven  at  engine 
speed  for  four-cylinder  engines  or  Ij  times  engine  speed  for  six- 
cylinder.  The  combination  of  the  two  fimctions  in  one  machine 
is  highly  desirable,  as  it  is  economical  to  keep  the  nimiber  of  units 
on  the  engine  a  minimum,  provided  combinations  can  be  made 
which  do  not  sacrifice  anything  as  regards  the  performance,  life 
or  reliability  of  any  of  the  individual  parts. 

Both  Mr.  Churchward  and  Mr.  Conrad  have  pointed  out  the 
desirability  of  keeping  the  starting  motor  and  the  generator  in 
separate  tmits,  on  account  of  the  inherent  characteristics  of  the 
machines  being  so  different.  Mr.  Conrad  has  shown  a  combined 
lighting  and  ignition  generator,  however,  which  sacrifices  nothing 
in  either  the  generator  or  the  ignition  system.  The  use  of  this 
machine  with  a  starting  motor  makes  necessary  only  two  units; 
on  many  of  the  small  engines  it  is  necessary  to  limit  the  electrical 
eqtdpment  to  this  number  of  units  on  account  of  lack  of  room  for 
more.  On  the  larger  engines,  also,  it  is  desirable,  as  it  secures 
the  neat,  clean  appearance  of  the  engine  so  much  sought  for  by 
engine  and  car  builders. 

I  would  also  take  exception  to  the  statement  Mr.  Waller  makes 
in  regard  to  the  merits  of  the  double-wire  and  single-wire  systems 
of  wiring.  It  should  be  remembered  that  almost  invariably  one 
side  of  the  battery  is  groimded — ^this  being  done  on  account  of 
the  ignition,  which  is  always  of  the  single-wire  system.  There 
is  no  question  as  to  either  the  current-carrying  capacity  or  con- 
ductivity of  the  car  frame.  Therefore,  the  use  of  two  wires 
simply  introduces  an  tmnecessary  complication  and  a  higher  re- 
sistance return  path  for  the  current  than  the  car  frame. 

With  the  single-wire  system  the  wire  can  be  better  insulated 
and  still  take  up  much  less  room  than  the  two  wires  of  a  double- 
wire  system.     The  problem  of  the  insulation  of  the  sockets. 
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lamps,  and  other  fixtures  is  much  simpler  with  the  single-wire 
system,  as  more  room  is  available  for  this  purpose.  In  any  elec- 
trical circuit  of  moderate  voltage,  whether  for  railway  work, 
lighting  or  power  work,  the  single-wire  system  would  invariably 
be  used  were  it  not  for  the  problem  of  obtaining  a  good  ground 
return  on  account  of  such  complications  as  electrolysis,  difference 
of  earth  potential,  etc.  None  of  these  complications  is  met  in  the 
automobile  frame  and  there  is  no  reason  at  all  for  complicating  an 
inherently  simple  system  by  making  it  two-wire.  Single-wire 
systems  are  now  used  quite  extensively  for  car  wiring  and  have 
demonstrated  their  practicability  and  simplicity. 

A.  D.  T.  Libby :  When  the  chairman  made  the  statement  that 
the  starting  and  lighting  systems  were  getting  down  to  a  point 
where  it  was  a  question  of  the  survival  of  the  fittest,  he  hit  the 
nail  on  the  head.  I  believe  the  whole  trend  of  automobile 
lighting  and  starting  is  fast  coming  to  that  point.  In  the  early 
days,  before  they  had  magneto  ignition,  they  started  out  with 
four  cells  of  dry  battery,  giving  six  volts.  Finally  some  one  who 
had  some  trouble  with  his  dry  cells  put  on  storage  batteries 
equivalent  to  his  dry  cells,  and  they  have  stuck  right  along  at 
six  volts.  The  whole  trend  of  engineering,  from  a  power  and 
electric  light  man's  standpoint,  is  the  other  way ,  upward,  instead 
of  downward. 

There  is  a  mean  to  all  things.  If  you  adopt  the  24-volt  system, 
then  you  must  have  a  controller  with  a  large  number  of  multiple 
contacts  to  throw  the  batteries  from  series,  used  in  the  starting, 
over  to  multiple,  for  the  lighting,  and  the  complications  involved 
in  this  kind  of  a  system  are  altogether  too  great  for  operating  in  an 
automobile.  I  am  strongly  in  favor  of,  and  have  always  advocated 
the  12- volt  system.  It  gives  the  advantages  of  a  higher  voltage 
system  without  the  disadvantages  due  to  complications  in  the 
wiring,  switches,  controllers,  etc.,  and  it  gives  a  system  which  is 
as  simple  as  the  six-volt  system,  without  the  many  disadvantages 
thereof.  There  is  no  question  but  that  a  12-volt  starting  motor 
has  more  "  kick  "  in  it  than  a  six-volt  machine.  With  six  volts 
your  brushes  are  subjected  to  more  or  less  dust  and  dirt  and  you 
are  troubled  with  these  contacts  which  the  low  potential  will  not 
go  through  as  readily  as  the  12  volts.  I  think  the  final  survivor 
in  the  starting  and  lighting  work  will  be  the  12-volt  system. 

The  question  has  been  brought  up  of  the  single-wire  system 
of  lighting  cars.  There  are  a  number  of  car  makers  who  are 
tiuTiing  out  a  large  number  of  cars  this  year  with  single-contact 
lamps.  I  think  this  kind  of  a  system  is  wrong.  If  there  is 
a  ground  on  any  one  wire  of  your  system,  the  whole  thing  is  put 
out  of  action,  while  with  the  12-volt,  two-or  three-wire  system, 
or  even  with  the  six-volt  metallic  system,  without  any  groimd, 
if  you  should  happen  to  get  a  grotmd  on  one  wire  it  will  not  trouble 
you  at  all;  in  that  case  you  have  two  chances  instead  of  one. 
I  believe  that  the  single-wire  contact  systems  now  being  put 
out  will  give  more  or  less  trouble  in  the  future.    They  may 
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not  give  any  trouble  while  the  car  is  new,  and  the  wiring  is  in 
good  order,  but  when  the  parts  begin  to  get  out  of  order  the 
trouble  will  start. 

The  last  speaker  raised  the  point  that  in  the  one-wire  system, 
the  battery  being  grotmded,  trouble  was  experienced  in  the 
ignition  system  when  starting  on  the  battery.  The  company 
with  which  I  am  coimected  makes  an  ignition  system  that 
operates  with  or  without  a  grounded  battery,  it  does  not  make 
any  difference.  We  can  arrange  it  in  any  way  desired,  and  that 
objection  would  not  have  any  weight  so  far  as  this  partictdar 
system  is  concerned. 

I  agree  with  the  argument  of  Mr.  Churchward,  and  the  other 
gentlemen,  in  favor  of  three  units.  The  starting  and  lighting 
are  entirely  different,  and  should  be  kept  separate  on  account 
of  the  difference  in  the  characteristics  of  the  machines,  and  it 
is  very  evident  to  one  who  has  gone  over  this  problem  that 
you  can  build  the  two  individu^  machines,  and  get  higher 
efficiency  out  of  each  one,  than  you  can  by  combining  the  two 
into  one  machine.  It  has  been  my  experience,  too,  that  the 
simpler  you  can  make  a  piece  of  apparatus,  especially  a  thing 
you  put  into  an  automobile,  the  better  off  you  are;  because 
when  it  goes  into  the  hands  even  of  the  car  btdlders,  it  is  sur- 
prising the  things  they  will  do  to  it.  The  electric  motor- 
starting  system  has  received  a  black  eye,  on  accoimt  of  the 
complications  put  in,  in  all  the  early  systems,  and  it  is  now  being 
recognized  that  these  complications  must  go. 

There  is  one  point,  on  the  last  page  of  Mr.  Churchward's 
paper,  that  is  a  little  misleading.  That  is  where  he  states  that 
the  difference  between  the  weight  of  the  batteries  in  six-volt 
and  12-volt  systems  will  be  10  per  cent.  That  is,  the  increase 
of  weight  will  be  approximately  10  per  cent,  or  as  much  as  the 
weight  of  the  generator  unit  itself.  Now,  if  he  has  a  generator 
that  weighs  11  lb.  (5  kg.)  his  statement  is  correct.  Otherwise 
it  is  not  correct,  because  you  can  look  in  the  catalogs  of  prom- 
inent automobile  battery  manufacturers,  and  you  wSl  find  that 
a  100-ampere-hour  battery  weighs  59  lb.  (26.7  kg.),  and  a 
60-ampere-hour  weighs  70  lb.  (31.7  kg.),  a  difference  of  11  lb. 
Any  generator  suitable  to  charge  such  a  battery  does  not  weigh 
less  than  20  lb.  (9.1  kg.). 

Mr.  Waller  states  that  the  battery  should  be  capable  of  tak- 
ing the  maximum  output  of  the  dynamo  indefinitely,  and  Mr. 
Churchward  states  that  a  djmamo  which  was  giving  enough 
current  to  take  care  of  the  lights,  would  in  time  overcharge 
the  battery.  I  think  that  Mr.  Waller's  statement  is  nearer 
correct  than  the  other  in  that  respect. 

Harold  Goodwin,  Jr.:  Taking  a  previous  speaker's  objec- 
tions to  the  single-wire  system  as  premises,  the  question  may 
be  discussed  from  the  experience  of  lighting  companies.  People 
generally  do  not  test  electrical  apparatus  for  grounds  until 
trouble  occurs.    Therefore,   one   side   of   a   two-wire   system 
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might  be  grounded  and  the  automobile  would  continue  to  nm 
practicaUy  on  the  one-wire  system  with  all  its  objections  till 
the  second  side  became  grotmded.  The  installation  of  indica- 
ting test  lamps  to  avoid  this,  would  lead  to  questions  and  com- 
plications worse  than  the  original  trouble.  Therefore,  it  wotdd 
seem  that  one  well-insulated  wire  with  simple  wiring  will  prob- 
ably be  the  victor. 

C.  E.  Wilson:  I  have  noted  a  number  of  points  in  the  paper 
by  Mr.  Churchward,  principally  in  the  comparison  of  the 
clutch  and  differential  series  generators,  to  which  I  wish  to  call 
attention. 

1.  The  tapering  charging  current  shown  in  Fig.  1  of  the  paper 
is  claimed  to  be  due  to  the  fact  that  the  generator  is  of  the 
clutch  type,  and  the  statement  is  made  that  the  charging  cur- 
rent will  decrease  from  ten  amperes  to  about  four  or  five  am- 
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Generator  at  Various  Voltages 

Solid  line  curve,  test  at  constant  temperature. 

Dotted  line  curve,  replotted  from  data  in  Pig.  1  of  Churchward  pax>er. 


peres  when  the  battery  is  fully  charged,  that  is,  to  a  voltage 
of  approximately  7.75  volts.  A  test  was  made  on  one  of  these 
clutch  type  generators  at  variable  ^voltage  and  the  results  are 
shown  in  Pig.  4  of  this  discussion.  In  covering  a  range  from 
6.5  to  approximately  8  volts  the  charging  current  is  only  re- 
duced about  one-half  ampere.  This  test  was  made  with  the 
generator  charging  a  battery,  with  a  booster  machine  con- 
nected in  parallel  with  the  battery,  thereby  making  it  possible 
to  change  the  voltage  through  a  wide  range.  This  made  a 
quick  test  possible  and  eliminated  the  effect  of  heating  in  the 
clutch  type  generator.  Comparing  the  results  of  this  test 
with  Mr.  Churchward's  curve  shown  in  his  Fig.  1,  it  is  evident 
that  the  decrease  in  charging  current  is  due  to  the  heating  up 
of  the  clutch  type  generator  and  is  not  characteristic  of  the 
clutch  type  generator  only.  This  same  effect  is  noted,  pos- 
sibly to  less  extent,  in  the  generator  of  the  bucking  series  coil 
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type.  In  fact,  a  decrease  in  the  charging  current  from  ten  to 
four  or  five  amperes,  as  stated  by  Mr.  Churchward,  caused 
principally  by  the  increase  of  resistance  in  the  shunt  field  and 
the  annature  windings,  certainly  means  an  excessively  hot 
machine. 

2.  In  showing  a  typical  regulation  curve  of  a  generator  with 
bucking  series  field  Mr.  Churchward  shows  (Fig.  2  of  the  paper) 
a  very  poor  regulation  indeed.  On  increasing  the  charging 
current  from  4  to  7.5  amperes  the  curve  shows  an  increase  in 
voltage  from  approximately  6.9  to  7.6  volts.  In  Fig.  4  of  the 
paper,  for  the  same  change  in  charging  current  a  change  in  the 
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Fig.  5 — Regulation  of  Automobile  Lighting  Generators 

Solid  line  curves,  bucking  aeries  field  type. 
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voltage  from  6  to  6.1  is  shown.  As  this  rise  in  voltage  with 
increase  in  charging  current  is  due  almost  entirely  to  the  battery, 
the  increase  in  voltage  should  be  the  same  in  both  cases  and  not 
as  shown  in  the  two  figures.  From  tests  on  the  two  machines 
which  the  writer  has  made  personally  under  the  same  con- 
ditions of  battery  load,  lamp  load,  etc.,  the  regtdations  of  the 
two  machines  are  as  shown  in  Fig.  5  of  this  discussion. 

3.  In  Fig.  3  of  Mr.  Churchward's  paper  no  data  are  given 
as  to  the  speed  at  which  the  generator  is  operating,  and  the 
lamp  load  at  the  different  points.  I  cannot  imderstand  the 
change  in  the  ampere  and  voltage  curves  shown  at  the  end  of 
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seven  hours.  Also  the  increase  in  current  shown  from  the  point 
at  3i  hours  to  the  point  at  5  hours  is  very  questionable  tmless 
the  test  was  made  under  some  tmusual  conditions,  which  I 
have  been  imable  to  duplicate. 

4.  In  Fig.  4  of  the  paper  a  current  curve  is  shown  increas- 
ing from  4  to  7.5  amperes  and  holding  this  value  for  all  higher 
speeds.  The  title  of  Fig.  4  is,  "  Voltage  at  lamps  at  different 
speeds.  "  I  do  not  imderstand  how  there  can  be  a  voltage 
at  the  lamps  tmless  the  lamps  are  turned  on,  and  from  tests 
which  I  have  made  on  the  most  recent  of  these  clutch  type 
generators,  the  current  when  the  lamps  are  turned  on  is  not 
7.5  but  more  nearly  4  amperes.  Probably  this  same  point 
was  overlooked  in  Fig.  2  of  the  paper,  where  the  regulation 
of  the  differential  series  generator  is  shown.     It  should  be  re- 
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membered  that  the  voltage  obtained  at  the  battery  without 
lamp  load  fluctuates  more  widely  than  when  the  lamps  are 
connected  in  circuit,  for  when  the  lamps  are  turned  on,  the  bat- 
tery charging  current  at  a  given  speed,  and  thereby  the  battery 
voltage,  is  reduced. 

5.  In  Fig.  5  of  the  paper  the  lamp  volts  and  amperes  are 
shown  with  the  generator  disconnected  from  the  storage  battery. 
On  making  this  same  test  on  a  clutch  type  generator  of  recent 
design,  the  regulation  was  as  shown  in  Fig.  6  herewith.  This 
voltage  of  approximately  8.76  at  all  car  speeds  above  12  miles 
(19.3  km.)  per  hotu*  would  undoubtedly  bum  out  the  lamps 
in  a  very  short  time  and  make  operation  on  the  generator  with- 
out the  battery  impracticable.  In  fact,  this  point  is  of  very 
little  importance,  for  in  the  case  of  a  battery  of  recent  make 
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with  proper  terminals,  etc.,  and  a  good  job  of  car  wiring,  it  is 
practically  impossible  for  the  circuit  from  the  battery  to  the 
generator  to  become  disconnected  accidentally. 

6.  In  Pig.  6  of  Mr.  Churchward's  paper  the  performance 
of  what  we  might  suppose  to  be  a  typical  starting  motor  is 
shown.  No  mention  is  made  of  the  voltage  at  which  these 
curves  were  obtained.  The  motor  operates  on  a  six-volt  stor- 
age battery  whose  voltage,  especially  if  the  battery  contains 
only  60  per  cent  or  less  of  charge,  drops  very  rapidly  at  high 
currents.  As  a  matter  of  comparison,  I  have  shown  in  Fig.  7 
herewith  a  test  on  a  starting  motor,  of  the  type  described  by 
Mr.  Churchward,  on  the  actual  voltage  which  can  be  obtained 
on  a  car.  This  motor  was  of  the  four-pole  circular  frame  type 
and  weighs  about  45  lb.  (20.4  kg.).  The  motor  whose  curve 
Mr.  Churchward  shows  differs  so  widely  from  this  standard 
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Pig.  7 — Pbrformancb    of    Automobilb    Starting    Motors 

Solid  line  ctinres,  lUndard  45-lb.  starting  motor. 

Dotted  line  curves,  performance  of  motor  shown  in  Fig.  6  of  Churchward  pai>er, 
rq»lotted  for  oomx>arison. 

starting  motor  that  it  must  be  very  large  and  heavy  or  have 
some  tmusual  features  which  shoidd  be  explained.  Another 
point  worth  mentioning  is  the  fact  that  five  or  six  htmdred 
amperes  starting  current  cannot  economically  be  drawn  from 
an  80-  or  lOO-ampere-hour  storage  battery. 

Benjamin  F.  Bailey:  When  engineers  first  began  work  upon 
the  problem  of  applying  electric  lighting  to  the  motor  car, 
most  of  them  proceeded  upon  the  principle  that  the  outfit  should 
be  a  miniature  reproduction  of  a  large  storage  battery  station. 
The  writer  of  this  discussion,  on  the  other  hand,  has  always 
worked  upon  the  assumption  that  the  simpler  the  apparatus, 
provided  it  would  operate,  the  better.  This  attitude  naturally 
led  to  the  adoption  of  the  differentially  compounded  generator. 
It  will  unquestionably  operate.  It  involves  no  moving  parts 
in  the  regulating  apparatus,  and  the  chances  of  trouble  are, 
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therefore,  very  remote.  There  are  absolutely  no  adjustments 
to  be  made,  as  there  is  nothing  to  get  out  of  adjustment. 

The  next  problem  was  to  devise  a  method  of  connecting  and 
disconnecting  the  generator  from  the  battery  at  the  proper 
times.  It  was  desired  that  this  apparatus  should  be  com- 
parable in  simplicity  with  the  generator,  namely,  it  must  be 
so  simple  that  it  could  readily  be  imderstood  by  the  average 
owner  or  garage  man,  it  must  be  non-adjustable,  and  as  far 
as  possible,  it  must  be  infallible.  Particularly,  it  must  never 
fail  to  open  the  circuit  when  the  engine  comes  to  rest. 

To  secure  these  advantages  the  writer  was  forced  to  abandon 
the  ustial  procedure  of  connecting  the  generator  to  the  battery 
when  the  voltage  was  correct,  and  instead,  make  the  connection 
when  the  speed  was  right.  As  soon  as  the  connection  is  made 
the  voltage  of  a  differentially  compotmded  generator  automat- 
iodly  adjtists  itself,  for  reasons  which  it  is  unnecessary  to  dis- 
cuss here. 

The  means  for  doing  this  is  the  mercury  switch  shown  in 

««-'"«rt'»  r^ji-^u,-u  ^^^'  ^'  l^^'^with.  The  construc- 
i^^^Sjff"  IpiH  tion  is  nearly  self-explanatory. 
It  may  be  pointed  out,  how- 
ever, that  the  containing  sheU  is 
without  joints,  except  where  the 
threaded  sleeve  passes  through 
lV\  \^>**-'^^/  'J/\  M  M  ^^®  shell.  The  merctiry  never 
i^:'^"Tj^'^^  ji»l  ^^ches  this  joint,  except  pos- 
I    ^^^^^5^^    '       li&Bfli     sibly  at  the  instant  when  the 

t ifno^mHtr >l       1<-J|*>*     switch  opens,  due  to  the  stop- 

wii../*-«w^«*v-^  pii^g  of  the  engine.    There  is, 

Pig.  S-Assembly  of  Mercury  therefore,  no  trouble  frona  leak- 
SwiTCH  *^®'      ^^  contacts  are  of  steel, 

and  even  after  thousands  of 
breaks  show  no  corrosion.  This  switch  is  mounted  on  the  generator 
shaft  inside  the  housing,  and  the  complete  tmit,  including  reg- 
ulating devices  and  cut-out,  is  therefore  self-contained. 

The  writer  believes  it  will  be  conceded  by  all  that  this  ar- 
rangement leaves  little  to  be  desired  from  the  standpoint  of 
simplicity  and  reliability.  It  remains  to  consider  what  dis- 
advantages, if  any,  we  suffer  as  compared  with  the  more  com- 
plicated constant-potential  systems.  Mr.  Chtirchward  men- 
tions five  points  in  favor  of  his  system,  in  which  approximately 
constant  potential  is  secured  by  operating  the  generator  at 
approximately  constant  speed.  A  centrifugally  operated  slip- 
ping clutch  is  inserted  between  the  engine  and  the  generator. 

Mr.  Chtirchward's  first  point  is  that  a  constant-potential 
system  charges  the  battery  at  a  high  rate  when  the  battery 
is  low  and  at  a  low  rate  when  it  is  high.  The  charging  rate 
of  a  so-called  constant-current  system  is  nearly  the  same  ir- 
respective of  the  charge.  Thus  there  is  a  small  waste  of  power, 
and  the  battery  solution  loses  water  faster  than  wotdd  other- 


Digitized  by 


Google 


2066  MOTOR  CAR  LIGHTING  AND  STARTING       [Nov.  14 

wise  be  the  case.  The  first  consideration  is  ahnost  trivial, 
since  the  cost  of  the  added  power  to  develop  the  wasted  power 
is  too  small  to  consider.  Probably  it  is  necessary  to  add  dis- 
tilled water  more  frequently  to  the  battery,  but  the  writer  has 
now  operated  his  car  for  over  two  months,  during  which  time 
he  has  driven  over  1000  miles  (1610  km.)  without  adding  a  drop 
of  water  to  the  battery.  The  battery  had  stood  without  at- 
tention and  without  the  addition  of  water  for  about  two  ad- 
ditional months  before  installation  in  the  car.  This  is  not 
recommended  as  a  reasonable  way  to  treat  a  battery.  The 
writer  merely  wanted  to  see  what  would  happen  to  a  battery 
subjected  to  unreasonable  use. 

Mr.  Churchward  makes  the  statement  that  the  efficiency  of  a 
constant-speed  generator  with  slipping  clutch  is  higher  than 
that  of  a  **  bucking  field "  generator.  With  the  former 
machine,  if  the  constant  speed  is  say  800  rev.  per  min.  it  is  en- 
tirely possible  that  the  driving  member  of  the  clutch  is  revolv- 
ing at  3200  rev.  per  min.  The  torque  on  the  two  members 
of  the  clutch  is  the  same  and  the  clutch  efficiency  is  25  per  cent. 
The  combination  efficiency  would  be  not  over  60  per  cent  of 
this,  or  15  per  cent.  Actual  tests  of  the  system  I  am  describ- 
ing shows  an  efficiency  of  not  less  than  50  per  cent  at  the  above 
speed,  and  a  somewhat  higher  efficiency  at  lower  speeds.  It 
must  be  remembered  that  the  core  loss  does  not  increase  in 
proportion  to  the  speed,  since  the  flux  is  weaker  at  the  higher 
speeds. 

The  point  is  also  made  that  it  is  possible  to  operate  a  con- 
stant-potential system  with  the  battery  accidentally  discon- 
nected. Undoubtedly  this  is  so,  but  it  should  be  pointed  out 
that  the  same  is  true  to  a  certain  extent  of  a  properly  designed 
constant-current  system.  The  writer  finds  that  for  speeds 
between  15  and  30  miles  (24  and  48.2  km.)  per  hour,  the  light- 
ing is  satisfactory,  and  no  difficulty  would  be  experienced  in 
getting  home  with  the  light  generated  in  this  way. 

The  company  with  which  the  writer  is  associated  builds 
only  six-volt  systems.  We  believe  that  a  somewhat  more  effi- 
cient motor  may  be  built  for  12  volts,  since  the  commutator 
loss  will  be  less,  but  are  inclined  to  think  that  the  greater  weight 
of  the  12-volt  battery  more  than  makes  up  for  tlus. 

The  question  whether  it  is  better  to  have  the  generator  and 
the  cranking  motor  separate  units  or  to  combine  the  two  is  still 
an  open  one.  The  writer  has  designed  and  built  both  types. 
There  is  little  difference  in  weight.  The  single-unit  system 
is  more  convenient  from  the  standpoint  of  the  operator,  since, 
as  usually  applied,  no  shifting  of  gears  is  necessary,  this  being 
accomplished  automatically  by  the  mechanism.  This  is  not, 
however,  an  invariable  rule. 

With  the  two-unit  system,  it  is  believed  that  it  is  preferable 
to  design  the  motor  powerful  enough  so  that  only  a  single  re- 
duction gearing  need  be  used.  This  is  usually  accomplished  by  the 
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use  of  a  pinion  on  the  motor  shaft  and  a  gear  bolted  to  the  fly- 
wheel or  cut  in  the  face  of  the  flywheel  itself.  This  requires 
a  larger  and  more  powerful  motor,  but  the  much  higher  effi- 
ciency (due  to  the  lower  gear  loss)  and  the  saving  in  the  weight 
and  cost  of  the  gearing,  will  more  than  offset  this.  The  total 
gear  reduction  would  be  about  ten  to  one. 


Fig.  9— Assembly  of  Timer  and  Distributor 

I  am  a  strong  believer  in  the  use  of  the  same  system  which 
supplies  power  for  lighting  and  starting,  for  ignition  also.  Since 
it  dispenses  with  a  number  of  the  parts  of  the  magneto  it  can 
be  made  more  reliable  than  the  latter.  Two  strong  points  in 
its  favor  are  that  it  can  supply  a  strong  spark  even  at  zero 
speed,  and  the  fact  that  the  spark  advance  on  a  properly  de- 
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Fig.  10 — Comparative  Outputs  of   Various   Ignition  Systems 


signed  system  is  absolutely  unlimited.  This  is  a  point  against 
the  magneto  which  is  often  not  given  the  attention  which  it 
deserves. 

In  Fig.  9,  herewith,  is  shown  the  mechanism  of  the  ignition 
device  used  in  the  system  I  am  describing.  This  arrangement 
gives  a  quick  break,  the  speed  of  the  break  being  absolutely 
independent  of  the  speed  of  the  engine.     Provision  is  made  for 
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the  possibility  of  a  momentary  backward  rotation  of  the  engine 
by  the  use  of  a  double  ratchet  arrangement  applied  to  the  cam. 

The  arc  of  contact  is  constant,  and  therefore  the  time  of 
contact  is  greater  for  low  speed.  To  avoid  too  great  a  difference 
in  the  strength  of  spark  at  low  and  at  high  sj^eds  a  "  quick  " 
coil  is  used  so  that  time  is  afforded  for  it  to  become  practically 
saturated  even  at  high  speeds. 

A  great  niunber  of  tests  have  been  carried  out  upon  different 
ignition  systems,  to  determine  the  output  in  joules  per  spark. 
This,  as  pointed  out  by  Mr.  Conrad,  is  not  entirely  a  fair  com- 
parison, since  not  only  the  total  energy  per  spark,  but  also  the 
rapidity  with  which  it  is  liberated,  is  of  importance.  In  other 
words,  what  happens  after  the  gas  has  been  ignited  is  of  no 
importance.  Our  knowledge  regarding  some  of  these  points 
is  rather  limited,  and  perhaps  the  total  energy  per  spark  is  as 
good  a  measure  as  any.  The  curves  shown  in  Fig.  10,  here- 
with, give  the  results  of  some  of  these  tests.  Coils  D  and  E 
are  of  the  writer's  design.  Magnetos  A  and  B  are  both  well- 
known  makes.  Coil  C  is  that  of  a  well-known  constant  spark 
system.  All  of  these  outfits  gave  good  results  in  service,  and 
all  except  coil  C  have  been  personally  tested  by  the  writer  upon 
actual  cars.  Coil  D  is  the  one  the  writer  uses  for  general  pur- 
poses. As  a  matter  of  fact,  coil  E  seems  to  give  as  good  re- 
sults, except  possibly  in  starting  a  very  cold  motor.  Magneto 
i4  is  a  very  large  one  weighing  over  30  lb.  (13.6  kg.),  and  is  in- 
tended for  low-speed  work.  The  magneto  outputs  are  those 
obtained  at  the  best  point  of  spark  advance.  In  actual  service, 
at  high  speed  and  large  angle  of  advance,  the  output  would 
be  much  less. 

Kingston  Forbes :  Let  us  look  at  the  question  of  starting  and 
lighting  an  automobile  from  the  automobile  engineer's  stand- 
point. When  the  automobile  manufacturer  has  decided  to  in- 
stall electric  lighting  and  starting  apparatus  on  his  cars,  he  turns 
to  the  trade  papers,  and  finds  there  are  some  42  different  outfits 
being  marketed  by  electrical  manufacturers  throughout  the 
country  for  thispiupose.  Not  being  an  experienced  electrical 
engineer,  he  has  to  depend  on  the  reconmiendation  of  the 
salesman-engineers,  and  he  is  confronted  with  the  problem  of 
whether  to  use  a  6-volt,  12-volt,  or  24-volt  starting  and  light- 
ing circuit.  The  essential  requirement  in  an  automobile  is  to 
get  it  as  simple  as  possible.  The  multiplicity  of  control  in  the 
present  automobile  is  greater  than  a  great  many  of  the  opera- 
tors and  laymen  care  to  handle.  This  makes  the  simplicity 
of  the  electrical  apparatus  an  important  consideration.  The  use 
of  the  12-volt  or  24-volt  system  necessitates  complicated  wiring 
and  switching,  and  the  automobile  manufacturer  does  not  like 
to  confront  his  customers  with  this  proposition. 

Stud)ring  this  situation  carefully,  it  seems  to  me  that  the  single- 
wire  system  affords  the  greatest  simplicity  in  respect  to  the  light- 
ing system  of  the  car.     In  looking  over  the  chassis  of  a  car,  if  there 
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is  a  multiplicity  of  wires  incident  to  the  lighting  and  starting 
system  it  frightens  the  admirer  of  the  automobSe.  With  the 
use  of  the  single-wire  system,  it  is  possible  for  the  chassis  and 
body  to  be  so  wired  that  by  three  disconnections  the  body  can 
be  disconnected  from  the  chassis,  and  the  chassis  can  be  so  wired 
that  all  visible  evidence  of  the  wires  is  practically  eliminated. 

Another  problem  connected  with  electrical  apparatus  is  where 
to  put  the  various  imits.  There  are  two  or  three  alternatives 
offered  to  automobile  engineers — ^the  single-tmit  system,  the 
double-unit  system,  and  the  three-imit  system.  It  seems  that  it 
is  not  advisable  to  complicate  matters  to  the  extent  of  having 
one  piece  of  electrical  apparatus  to  supply  the  demands  of  ig- 
nition, lighting  and  starting.  It  seems  to  me  that  the  electric 
starting  motor  in  its  simplest  form,  series-woimd,  would  take 
care  of  starting,  and,  going  a  little  further,  it  would  seem  that  a 
generator,  with  a  combined  apparatus  to  take  care  of  ignition, 
should  be  the  logical  consequence.  This  cuts  down  the  elec- 
trical equipment  to  two  pieces  of  apparatus,  which,  to  go  a  little 
further,  can  be  coupled  up  directly  to  the  water  pump  shaft. 
By  installing  the  generator  like  an  ignition  outfit,  connected  to 
the  ptunp  shaft,  we  get  a  direct-coupled  system  which  is  very 
easy  to  install  when  the  chassis  is  being  assembled. 

As  regards  the  installation  of  the  starting  motor,  different  prob- 
lems are  presented  to  us,  inasmuch  as  the  position  of  various 
other  parts  of  the  engine  is  fixed  in  accordance  with  the  designer's 
ideas.  This  makes  it  necessary  for  the  starting  motor  to  be 
placed  in  such  a  way  that  it  will  not  interfere  with  other  parts 
of  the  chassis. 

Still  another  problem  which  confronts  the  automobile  engi- 
neer is  the  mode  of  operating  the  starting  motor — ^whether  by 
means  of  a  simple  switch  or  a  complicated  set  of  levers  and  over- 
running clutch  and  gear  reduction  sets.  We  look  to  the  elec- 
trical engineer  to  simplify  the  application  of  starting  motors, 
and  the  automobile  engineers  must  cooperate. 

Up  to  the  present  time  considerable  trouble  has  been  exper- 
ienced with  starting  switches  to  handle  comparatively  low  volt- 
ages and  high  amperages. 

Alexander  Churchward:  I  have  been  trying  for  four  years  to 
get  a  discussion  openly  on  the  slipping  clutch  machine.  All  I 
could  get  was  the  statement,  "  We  do  not  use  slipping  clutches  ". 
But  the  fact  remains  that  between  thirty  and  forty  of  the  leading 
automobile  manufacturers  throughout  the  United  States  and 
Eiu'ope  are  being  supplied  with  the  slipping  clutch  machines 
and  these  companies  find  by  actual  test  that  they  cannot  get 
sinular  good  results  with  any  other  appliance.  They  would  like 
to  be  able  to  dispense  with  these  slipping  clutches  if  they  could, 
but  they  caimot. 

As  to  criticising  the  slipping  clutches  in  regard  to  mechanical 
adjustment,  all  I  can  say  is  that  they  do  not  need  as  much  and 
as  frequent  adjustment  as  the  vibrating  regulator  machines  now 
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in  the  market.  I  have  seen  them  tested  against  the  slipping  clutch 
machines  which  they  claim  wear  so  badly,  when  the  latter  stood 
up  ten  times  as  long  without  adjustment  as  the  vibrating  regu- 
lator machines.  That  is  why  so  many  companies  use  the  slipping 
clutch  machines. 

Alfred  E,  Waller:  One  of  the  most  deceptive  problems  the 
automobile  engineer  has  to  face  is  the  old  question  of  the  single- 
wire  system  with  ground  return.  I  believe  that  most  people 
who  recommend  the  single-wire  system  are  not  familiar  with  its 
application  in  automobile  work.  It  is  obvious  that  the  metal 
car  frame  is  capable  of  canying  current  far  in  excess  of  the  amount 
required  by  automobile  lamps.  The  point  is  that  it  is  not  an 
easy  matter  to  get  the  current  from  the  lamp  terminals  to  the  car 
frame  and  from  the  frame  to  the  battery,  due  to  the  difficulty  of 
obtaining  good  ground  connections  which  will  not  corrode. 

In  motor  car  headlights,  as  they  are  made  at  the  present  time, 
the  socket  that  holds  the  lamp  is  brazed  or  otherwise  securely 
fastened  into  a  parabolic  reflector  of  spun  metal.  The  reflector 
is  held  in  the  headlight  by  an  expanding  ring  which  fits  in 
the  front  cover  of  the  lamp  or  by  some  other-  equivalent  means. 
There  is  no  doubt  that  the  current  may  be  carried  satisfactorily 
on  any  kind  of  a  continuous  metal  path,  but  this  method  gives  a 
conductor  full  of  joints  which  may  or  may  not  make  good  contact. 
You  have  to  start  with  a  socket  and  get  from  the  shell  of  the  socket 
to  the  reflector,  and  from  the  reflector  to  the  lamp  frame  through 
the  expanding  ring.  Then  the  circuit  runs  through  the  hinge  and 
frame  of  the  lamp  to  the  lamp  bracket,  then  to  the  car  frame.  The 
alternative  is  a  ground  wire  from  the  socket  to  the  car  frame,  and 
such  a  wire  must  not  be  merely  clamped  against  the  frame  be- 
cause it  will  rust  and  corrode  and  consequently  make  poor  contact. 
You  have  to  drill  the  car  frame  and  tap  it  and  secure  the  ground 
wire  by  means  of  a  screw  set  up  tight  so  that  you  get  a  continuous 
metal  path  which  cannot,  under  any  conditions,  be  affected  by 
corrosion. 

It  was  stated  in  the  discussion  that  the  wiring  could  be  simpli- 
fied by  using  a  single-wire  system.  Does  it  make  any  difference 
whether  you  run  two  wires  in  the  same  sheath  or  a  single  wire? 
The  cost  of  the  extra  copper  for  the  two-wire  system  is  insignifi- 
cant. As  far  as  large  users  of  power  are  concerned,  it  should  be 
remembered  that  all  of  the  street  cars  of  New  York  City  are  using 
the  metal  rettun.  No  buildings  are  wired  with  a  ground  return. 
Very  few  boats,  and  none  of  recent  construction,  use  groimd  return. 
The  United  States  Navy  has  absolutely  specified  against  it 
after  trials  which  showed  it  to  be  unreliable  and  costly. 

Finally,  if  armored  cable  is  used  with  the  sheath  forming  the 
ground  return,  you  have  practically  the  two-wire  system  with  one 
conductor  entirely  uninsulated,  so  that  the  system  is  operating 
at  50  per  cent  efficiency  imder  the  best  conditions.  I  do  not 
imderstand  how  any  automobile  engineer  familiar  with  the 
difficulty  in  carrying  current  through  groimd  connections  can 
'  e  deceived  in  the  matter. 
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Frank  Conrad:  The  only  objection  made  to  the  bucking 
series  type  of  generator  was  that  it  does  not  give  the  tapering 
charge  described  as  being  desirable  for  chargmg  the  battery. 
In  Mr.  Churchward  *s  paper  the  first  advantage  given  to  the 
clutch  type  generator  is  that  it  charges  a  battery  as  it  should 
be  charged;  that  is,  with  a  comparatively  large  current  when 
the  battery  is  low  and  empty,  tapering  off  to  a  small  charging 
rate  when  the  battery  is  full  and  at  the  gassing  point. 

Fig.  1  in  Mr.  Chiu-chward's  paper  gives  for  the  initial  charge 
9.6,  and  for  the  finish  about  7.75  amperes,  and  the  battery  which 
will  be  required  for  a  car  installation  with  a  starting  motor 
would  stand  a  continuous  rate  of  10  amperes,  as  pointed  out  by 
Mr.  Waller.  It  is  therefore  evident  that  the  initial  charging 
rate  obtained  by  the  clutch  type  generator  is  no  real  advantage. 
Any  tapering  of  the  charge  is  probably  due  to  heating  rather 
than  to  increase  of  voltage.  Comparative  tests  have  been  made 
of  a  bucking  series  generator  and  a  clutch  type  generator, 
operated  with  a  resistance  load  instead  of  a  battery,  so  that 
the  voltage  was  constant.  The  results  showed  that  the  actual 
taper  of  the  bucking  series  generator  is  of  a  greater  percentage 
than  the  clutch  type.  That  effect  is  due  to  the  heating  of  the 
shunt  coil. 

In  his  comparison  with  the  high-voltage  batteries,  I  believe 
(and  the  point  has  been  brought  up  before  by  another  speaker) 
Mr.  Churchward  takes  a  6-volt  battery  and  divides  the  plates 
in  two.  Of  course,  if  the  battery  maker  were  making  this  bat- 
tery he  could  use  a  different  plate  to  make  the  capacity  even, 
and  then  the  weight  would  not  be  so  great. 

If  the  actual  increase  of  weight  was  10  per  cent,  with  the 
average  generator  with  which  I  am  familiar,  that  would  mean 
a  battery  weighing  200  lb.  (91  kg.),  probably  250  lb.  (113  kg.). 

Alden  L.  McMurtry  (by  letter):  Mr.  Waller's  statement 
that  "  in  practically  all  instances  the  system  of  running  two 
wires  to  each  lamp  and  fixture  has  been  adopted,  "  may  be 
criticised.  Automobile  engineers  are  adopting  the  one-wire 
system  on  account  of  simplicity,  stability,  and  freedom  from 
electrical  troubles. 

The  automobile  wiring  problem  is  entirely  different  from 
that  pertaining  to  the  street  car,  steamship  or  railroad  coach. 
The  longest  circuit  is  less  than  100  in.  (254  cm.),  and  the  troubles 
encountered  are  all  mechanical  rather  than  electrical.  The 
drop  in  voltage  is  less  than  in  the  average  two-wire  system,  and 
the  supposedly  "  poor  connections  "  in  the  lamp  are  theoretical. 

I  have  made  numerous  tests  on  this  subject,  and  my  reasons 
for  advocating  the  one-wire  or  grounded  system  are  as  follows: 

(a)  It  is  stronger  mechanically,  especially  in  regard  to  re- 
ceptacles; simpler  for  average  operator  to  locate  wire  troubles. 

(b)  It  will  stand  a  higher  insulation  test. 

(c)  The  average  electrically-lighted  automobile  has  one  side 
of  the  battery  grounded  to  the  ignition  system,  and  has  there- 
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fore  actually  a  one-wire  system,  although  subject  to  all  the 
troubles  of  the  two-wire  system. 

(d)  The  comiections  are  larger,  insuring  better  contacts 
at  the  lamp  base. 

(e)  The  amoimt  of  current  is  too  small  to  cause  electrical 
troubles,  at  connections  to  the  frame  of  the  car. 

Inspection  of  automobiles  that  have  the  one-wire  system 
will  disprove  all  arguments  used  against  it. 

A  point  in  the  discussion  of  high-voltage  systems  which  is 
of  great  importance  is  the  size  and  form  of  the  tungsten  fila- 
ments. The  six-volt  lamp  has  a  small  concentrated  filament, 
which  makes  it  easy  to  focus  the  lamps.  Higher  voltage  means 
a  longer  filament  of  smaller  size,  and  therefore  it  will  be  a  diffi- 
ctdt  matter  to  focus  a  searchlight  properly.  In  England,  where 
the  12-volt  system  is  almost  imiversal,  the  various  automobile 
lamp  makers  have  various  forms  of  reflectors  which  require 
a  special  type  of  incandescent  lamp.  This  not  only  lessens 
the  effectiveness  of  the  lamps,  but  restricts  users  to  lamp  re- 
newals supplied  only  by  one  manufactiu-er.  The  candle  power 
of  the  timgsten  lamp  is  a  secondary  consideration  to  the  form 
of  the  filament.  The  distance  to  which  useful  light  is  pro- 
jected ahead  of  the  automobile  is  governed  by  the  intensity 
of  the  lamp.  Lamps  of  higher  candle  power  cause  a  greater 
drop  in  voltage,  and  therefore  the  intensity  of  the  light,  and 
the  distance  it  is  projected,  is  less,  while  the  large  area  of  the 
filament  gives  a  beam  of  light  of  a  slightly  greater  angle. 

Some  of  the  arguments  against  the  clutch  type  of  generator 
are  not  based  on  fact.  I  have  personally  tested  this  type  of 
generator  over  a  period  of  more  than  600  hours'  continuous 
nmning.  The  wear  on  the  clutch  surfaces  was  not  perceptible, 
owing  to  the  fact  that  the  surface  requires  very  little  presstire. 
I  have  on  my  car  a  clutch  type  generator,  which  has  been  in 
constant  use  since  December,  1910,  and  the  only  attention 
reqtiired  was  for  lubrication,  which  was  needed  about  once 
every  six  months.  The  rate  of  ciurent  output  has  decreased 
approximately  seven  per  cent  during  this  period. 

Frederick  S.  Dellenbaugh,  Jr.  (by  letter):  In  the  early 
development  of  any  new  apparatus  correct  operation  and  re- 
liability are  of  prime  importance  and  the  criteria  of  success. 
But  as  the  art  develops  refinements  in  all  directions  are  intro- 
duced and  one  of  the  main  aims  is  improvement  in  efficiency. 

This  is  clearly  to  be  seen  in  the  present  case  with  electric 
lighting  generators  for  automobiles,  and  more  attention  is 
being  given  to  decreasing  the  power  losses.  The  gas  engines 
themselves  are  cut  down  in  every  detail  to  add  a  little  to  the 
efficiency  and  therefore  the  choice  of  a  lighting  generator,  other 
things  being  equal,  should  be  governed  by  the  requisite  input. 

Though  of  course  the  most  dependable  comparisons  are  based 
on  actual  tests,  provided  they  are  accurate  and  made  under 
conditions  actually  duplicating  the  ordinary  service,  it  is  in- 
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teresting  to  investigate  the  theoretical  considerations  of  the  case, 
as  they  show  what  should  be  expected  and,  if  all  factors  are 
included,  give  approximately  correct  restdts. 

Except  for  variations  in  individual  design,  the  most  widely 
differing  types  of  lighting  generators  are  the  constant-speed 
and  the  variable-speed  types.  All  the  machines  built  can  be 
included  under  these  heads.     In  any  generator  the  losses  are: 

Copper  losses  due  to  resistance  of  windings. 

Core  losses  due  to  hysteresis  and  eddy  currents  in  armature 
core. 

Windage  losses  and  friction  losses. 

Minor  losses  imder  load  which  are  practically  negligible. 

In  addition  to  these  we  have  transmission  loss  in  applying 
power  to  the  generator. 

Taking  up  first  the  variable-speed  generator,  the  losses  in  wind- 
ings are  practically  constant  as  the  current  in  most  types  is 
constant. 

The  windage  and  friction  losses  increase  with  the  speed.  The 
windage  is  very  small  so  that  we  should  expect  these  losses  to  be 
nearly  proportional  to  the  speed.  In  this  type  of  generator  the 
transmission  loss  can  be  considered  as  part  of  the  friction  loss. 

The  variation  of  the  core  loss  is  more  complex.  Compared  to 
the  wide  range  of  speed  the  voltage  can  be  considered  approx- 
imately constant. 

If  ^  =  field  flux, 
n  =  speed, 
V  =  volts, 
B  =  flux  density, 
then  volts  =  ^1^1^ 
K  being  proportionality  factor. 

Or  <^  =  ^ 

n 

Core  loss  =  Xj  nXB^*  approximately,  as  the  eddy  ctuxent 
loss  is  a  very  small  percentage  of  total. 

J5  =  /Ci  ^  in  any  one  machine,  dimensions  being  constant. 
Substituting, 

core  loss  =  1^4 n  X  d>^'= rs =    -^ — 

Thus,  if  voltage  is  assumed  constant,  core  loss  will  decrease 
slightly  as  speed  increases.     Taking  the  sum  of  the  losses: 
Total  loss  =  Core  loss  +  copper  loss  +  windage  friction 

If   we   assume   K   to   make   losses   equal   we   have: 


Total  loss 
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If  n  =  1000  rev.  per  min.,  total  loss  =  3  K%. 

If  n  is  increased  to  3000  rev.  per  min.,  total  loss  =  4.56  K% 
or  an  increase  of  52  per  cent. 

Thus,  if  efficiency  were  50  per  cent  to  start  with,  at  3000  rev. 
per  min.  it  wotild  now  be  39  per  cent,  or  the  input  would  be 
increased  11  per  cent.  This  is  actually  a  little  low,  but  serves 
for  the  purpose  of  illtistration. 

In  the  case  of  the  constant-speed  machine,  on  the  other  hand, 
all  the  losses  in  the  generator  itself  remain  constant  and  the  trans- 
mission losses  vary.  The  only  successful  constant-speed  gen- 
erator that  we  know  of  is  the  one  described  by  Mr.  Churchward 
in  his  paper,  and  this  uses  a  clutch  which  slips  above  a  certain 
speed.  It  is  evident  that  for  any  stable  operating  condition 
the  torque  at  the  two  adjacent  faces  of  the  clutch  must  be  the 
same.  The  power  developed  or  required  is  proportional  to  the 
torque  times  the  speed,  and  therefore  as  the  speed  of  the  engine 
increases,  the  power  supplied  to  the  clutch  increases  in  direct  ratio, 
while  the  power  required  to  run  the  generator  remains  the  same. 

Evidently,  then,  if  the  speed  of  the  engine  increases  to  three 
times  that  at  which  the  clutch  just  begins  to  slip,  the  efficiency 
of  transmission  must  be  reduced  to  33  per  cent,  provided  it  be 
considered  100  per  cent  with  no  slip. 

Comparing  this  with  the  figures  for  the  variable-speed  gene- 
rator, if  we  assume  slippage  to  begin  at  1000  rev.  per  min.,  and 
efficiency  over  all  at  this  point  50  per  cent  as  before,  and  losses 
=  31^0,  then  the  input  =  6  K%.  At  3000  rev.  per  min.,  the  input 
to  the  generator  will  still  be  6  iC»,  but,  as  shown  above,  the  power 
on  the  high-speed  side  of  the  clutch  must  be  three  times  this,  as 
the  torque  is  the  same,  and  so  the  input  there  is  18  K%.  Out 
of  18  units  only  3  are  being  used,  as  the  efficiency  over  all  is 
now  18.7  per  cent. 

From  this  it  is  evident  that  the  constant-speed  machine, 
whatever  its  advantages  may  be  in  other  ways,  is  inherently 
extremely  inefficient  imless  some  device  which  will  transmit 
power  by  transforming  torque  as  well  as  speed  be  used,  and  the 
variable-speed  machine  has  actually  a  fairly  uniform  range  of 
efficiency  over  its  complete  range  of  speed. 

John  R.  King  (by  letter):  Referring  to  that  portion  of  Mr. 
Waller's  paper  wherein  he  speaks  of  the  necessity  of  regulating 
the  control  of  the  output  of  the  lighting  generator  imder  varying 
speed  conditions,  and  gives  several  methods  of  obtaining  regula- 
tion, I  would  like  to  call  attention  to  a  type  of  generator  developed 
in  Germany  during  the  years  1904  and  1905,  by  Dr.  Emmanuel 
Rosenburg,  and  used  in  connection  with  a  storage  battery,  for 
lighting  railway  trains.  This  apparatus  is  described  in  the 
Electrical  World  and  Engineer,  Vol.  45,  p.  898;  Vol.  46,  p.  104, 
and  the  Electrical  World,  Vol.  48,  page  918. 

As  automobile  lighting  requirements  are  similar  to  those  of 
railway  trains,  it  would  seem  that  unless  conditions  of  design 
for  the  smaller  units  interfere,  this  type  of  generator  and  lighting 
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system  could  be  applied  with  success  to  motor  cars.  Briefly, 
the  design  and  operation  of  this  type  of  generator  are  as  follows: 
the  armature  is  the  same  as  that  in  an  ordinary  direct-current 
machine,  but  the  field  construction  is  somewhat  diflEerent,  the 
field  poles  and  frame  having  a  small  cross-section  and  the  pole 
shoes  or  faces  being  considerably  larger,  spanning  nearly  the 
entire  armature  surface,  and  being  notched  and  cut  away  at  the 
middle  point  along  the  line  of  the  armature  conductors.  There 
are  double  sets  of  brushes,  one  set  being  placed  on  the  ordinary 
electrical  neutral  and  the  other  set  displaced  90  electrical  degrees 
therefrom.  The  brushes  set  on  the  neutral  are  short-circuited 
and  current  is  collected  from  the  displaced  set.  The  simplest 
type  of  machine  is  one  that  is  shunt-woimd. 

When  the  machine  is  started  the  voltage  increases  in  propor- 
tion to  the  speed  imtil  the  point  of  magnetic  saturation  of  the 
smaller  cross-section  of  the  pole  pieces  and  frame  is  reached. 
For  any  further  increase  in  speed,  the  flux  in  the  field  frame  is 
but  slightly  increased,  and  the  cross-flux  created  by  the  coils 
under  the  short-circuited  brushes  tends  to  coimteract  this  in- 
crease, and  to  hold  the  current  output  constant,  due  to  the  large 
stray  field  in  the  enlarged  pole  shoes.  The  result  is  that  the  machine 
will  deliver  a  constant  current  with  varying  voltage  conditions 
over  a  wide  range  of  speed,  or  if  the  outside  resistance  is  constant 
the  machine  will  deliver  approximately  constant  voltage  inde- 
pendent of  speed.  Other  conditions  and  refinements  may  be 
obtained  by  introducing  a  series  field  winding. 


Digitized  by 


Google 


Digitized  by 


Google 


ffffOU  at  lh€  DOroU-Aun  Arbor  Section  MeeHng 
of  the  American  Institute  of  Electrical  Engineers, 
Ann  Arbor,  MUh„  December  5.  1913. 

Copyright  1014.     By  A.I.B.B. 


FACTORS  DETERMINING  A   REASONABLE   CHARGE 
FOR  PUBLIC  UTILITY  SERVICE 

BY  M.   B.  COO  LEY 


Probably  no  question  of  greater  importance  confronts  our 
people  today  than  the  relations  of  the  public  and  the 
public  service  corporations.  I  refer  to  relations  of  a  do- 
mestic character,  rather  than  foreign,  those  which  affect  us  as  a 
nation  considered  as  a  family  in  which  the  interests  of  all  of  its 
members  are,  or  should  be,  entwined,  interwoven,  in  such  manner 
that  whatever  is  good  for  one  is  good  for  another. 

Naturally  in  treating  my  subject  I  shall  have  in  mind  ideals 
which  may  require  years  for  their  realization,  but  I  shall 
hope  to  appeal  to  you  with  arguments  based  so  firmly  on  actual 
facts  that  I  shall  not  be  accused  of  being  academic.  I  shall 
endeavor  to  throw  upon  my  subject  the  light  of  nearly  fifteen 
years  of  experience  in  the  investigation  of  public  utility  prop- 
erties, and  I  shall  hope  to  leave  with  you  the  impression  that 
my  views  have  been  expressed  with  due  regard  to  proper  per- 
spective. That  is  to  say,  I  shall  hope  to  avoid  being  accused 
by  anyone  of  even  appearing  to  favor  one  side  of  the  question 
as  against  the  other.  My  desire  is  to  speak  of  what  may  be 
seen  from  the  hilltop  by  any  one  who  will  divorce  himself  from 
the  interests  of  either  side,  and  try  to  look  upon  the  problem 
with  unbiased  vision. 

There  are,  of  course,  two  sides  to  this  question,  as  there  must 
be  in  order  that  any  question  can  exist.  There  is  the  side  of 
the  public  and  the  side  of  the  public  service  corporation.  Today 
they  are  wide  apart.  They  are  wide  apart  for  one  principal 
reason,  namely,  ignorance.  While  it  may  be  no  disgrace  to 
be  ignorant,  it  is  disgraceful  to  remain  ignorant  when  so  little 
education  is  required  to  dispel  it.     The  education  required  is 
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not  difficult;  indeed,  it  is  very  simple;  but  the  trouble  is  that 
very  many  of  those  who  most  need  it  are  not  willing  to  be  ed- 
ucated. Various  motives  exist,  which  I  will  not  discuss  here, 
further  than  to  mention  that  chief  among  them  is  a  spirit  of 
antagonism,  akin  to  revenge  on  the  part  of  the  public,  in  lo- 
calities where  the  opportunity  exists  for  its  manifestation. 

It  is,  I  believe,  generally  considered  by  the  officers  of  public 
service  corporations  that  they  are,  or  rather  were,  themselves 
responsible  for  the  imf riendly  attitude  of  the  public  toward  them 
which  is  now  almost  general  in  this  country.  The  public  service 
corporation  has  in  the  past  proceeded  on  the  theory  that  the 
words  public  service  had  no  particular  meaning,  and  that  Uke 
any  other  corporation  it  was  at  liberty,  and  indeed  had  the  right, 
to  make  as  much  money  as  possible  out  of  its  business.  The 
public  service  corporation  has  in  the  past  ignored  the  fact  that 
its  right  to  do  business  is  a  public  grant,  a  grant  which  in  the 
very  nature  of  it  precluded  others  from  engaging  in  the  same 
business  in  the  same  locality.  True,  in  theory  at  least,  others 
might  be  admitted  to  the  field  and  thus  create  competition,  but 
practically  it  has  not  worked  out  that  way.  Ordinarily  there 
is  not  enough  business  for  two,  and  even  if  there  were,  great 
inconvenience  is  likely  to  result;  as  for  instance  in  the  use  of 
two  telephone  systems,  two  waterworks  systems,  and  several 
street  car  systems  in  the  same  city.  It  is  much  to  the  advantage 
of  the  public,  both  in  convenience  and  expense,  to  have  a  single 
utility  of  the  different  kinds  serve  it  when  that  service  can  be 
had  on  fair  terms. 

What  are  fair  terms?  That  is  what  is  partly  meant  by  the 
words  reasonable  charge  in  the  title  of  this  paper.  I  say 
partly  meant.  In  the  broad  sense  they  may  be  synonymous. 
To  illustrate:  The  service  rendered  by  a  public  service 
corporation  may  be  very  poor  without  any  good  excuse  for  it. 
In  such  a  case  a  reasonable  charge  would  be  less  than  when 
the  service  was  entirely  satisfactory.  Careless  or  tmintel- 
ligent  management,  or  a  desire  to  increase  the  dividend  rate, 
would  lead  to  this  result.  Again,  the  service  rendered  may  be 
very  poor  and  yet  be  the  best  possible  and  keep  the  business  alive ; 
that  is,  were  the  rates  higher  a  better  service  could  be  rendered. 
This  may  be  found  in  small  towns  where  the  extent  of  the  bus- 
iness will  not  support  anything  better.  Further,  the  service 
may  be  very  unsatisfactory  and  still  be  the  best  possible  to 
render  regardless  of  rates;  that  is,  physical  conditions  may  limit 
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the  ability  to  render  satisfactory  service.  This  may  be  found 
in  large  cities,  an  example  being  a  street  railroad  system  which 
can  not  be  extended  except  by  building  elevated  or  underground 
systems. 

Fair  terms,  then,  means  fair  service,  or  the  best  possible  under 
the  conditions,  to  the  public  on  the  one  hand,  and  a  reasonable 
charge  for  that  service  to  the  corporation  on  the  other  hand. 
They  are,  or  should  be,  the  two  members  of  an  equation  which 
are  equal  to  each  other.  Like  an  equation,  given  the  service 
demanded  and  certain  other  factors  involved,  the  fair  rate,  or 
the  reasonable  charge,  can  be  readily  determined.  It  is  these 
factors  we  come  now  to  consider.  They  embrace,  first,  the 
capital  investment  upon  which  the  interest  return  is  made  either 
in  the  form  of  interest  or  dividends,  or  both;  second,  the  operating 
expenses  which  include  maintenance  and  repairs  of  all  the  ele- 
ments of  the  physical  property,  and  taxes;  third,  a  depreciation 
fund  out  of  which  can  be  replaced  elements  of  the  physical  prop- 
erty which  are  worn  out,  or  have  become  obsolete,  so  that  they 
can  no  longer  be  used  economically;  and  fourth,  a  sinking 
fund  to  provide  for  the  loss  of  the  capital  due  to  depreciation, 
or  the  difference  between  the  cost  of  the  property  when  new  and 
when  disposed  of  at  the  expiration  of  its  franchise  life.  Let 
us  take  them  up  in  order,  capital  investment  first. 

It  should  be  understood  at  the  outset  that  no  capital  can  be 
made  available  for  a  public  utility,  or  for  any  other  business, 
for  that  matter,  without  a  sufficient  return  on  the  money  to 
tempt  its  investment  in  the  business.  Capital  obeys  the  law 
of  supply  and  demand  like  any  commodity.  Thus,  if  capital 
be  invited  for  investment  in  a  service  which  is  desired  by  the 
public,  then  the  public  must  expect  to  pay  the  price  in  the  form 
of  interest  or  dividends  which  is  necessary  to  secure  it. 

However  much  in  the  past  capital  may  have  been  tempted 
into  the  field  without  invitation  in  the  hope  of  large  returns, 
those  days  are  rapidly  disappearing;  and  before  very  long,  if 
not  now,  we  shall  be  obliged,  not  only  to  extend  an  invitation, 
but  to  offer  inducements  to  bring  capital  to  our  door.  Those 
inducements  must  be  not  only  a  fair  return  on  the  capital  in- 
vestment but  a  welcome  guaranteed  throughout  a  term  of  years. 
Capital  may  be  compared  with  the  guest  in  our  household. 
While  she  bides  with  us  she  is  entitled  to  the  treatment  accorded 
to  a  guest.  She  may  have  worn  out  her  welcome  but  at  the  same 
time  have  become  indispensable  to  our  domestic  affairs,  so  that 
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we  must  continue  to  suffer  her  presence.  We,  the  public, 
cannot  invite  the  guest  and  then  while  she  is  with  us  slap  her 
face;  on  the  other  hand,  the  guest  cannot  with  impunity  proceed 
to  rob  us  once  she  is  in  our  home. 

There  is  at  present  a  very  natural  distrust  on  the  part  of  the 
public.  Capital  in  the  past  having  very  often  been  self-invited, 
and  having  been  at  first  welcome,  then  tolerated,  has  finally 
worn  out  both  welcome  and  toleration.  The  logical  result,  one 
might  think,  would  be  to  get  along  without  capital.  But  of 
course  that  wotild  be  impossible.  Whether  the  utility  be  built 
and  operated  by  the  public  or  by  a  corporation,  capital  is 
necessary.  It  is  true  that  for  a  municipally  owned  utility,  capital 
may  be  had  on  more  favorable  terms  with  the  security  which  the 
public  can  offer;  but  it  does  not  follow  that  the  service  rendered 
would  be  at  correspondingly  low  rates  or  reasonable  charges.  It 
covldi  perhaps,  but  the  experience  of  the  past  favors  the  belief 
that  such  expectation  would  be  Utopian  rather  than  practical. 

The  time  is  coming,  if  not  already  here,  when  it  will  make  no 
difference  whether  capital  be  invested  under  the  direct  security 
afforded  by  a  municipally  owned  utility  or  the  more  indirect 
security  afforded  by  a  franchise  to  a  corporation.  This  time  will 
have  arrived  when  the  public  comes  to  understand  the  elements 
of  cost,  and  all  of  them,  which  enter  into  the  construction  of  a 
public  utility  plant.  Those  elements  of  cost  are  the  same,  or 
substantially  the  same,  whether  the  plant  be  constructed  by  the 
public  or  by  the  corporation.  The  public  must  have  a  board 
intrusted  with  the  construction  and  management  of  the  utility. 
This  board  corresponds  practically  to  the  corporation's  board 
of  directors. 

The  board,  whichever  it  may  be,  becomes  the  agent  of  the 
public.  It  makes  the  preliminary  investigations,  employs  legal 
counsel,  real  estate  men  to  procure  the  necessary  right-of-way, 
conducts  condemnation  proceedings,  obtains  property  consents, 
and  attends  to  all  matters  connected  with  the  proper  launching 
of  the  project.  It  employs  engineers  to  prepare  the  plans  and 
specifications,  invites  bids,  awards  the  contracts,  and  looks 
after  the  work  during  the  construction  period.  It  makes  ar- 
rangements for  the  necessary  funds  to  finance  the  project,  the 
necessary  working  capital,  and  finally,  after  the  work  of  con- 
struction is  completed,  puts  the  plant  into  operation. 

Before  its  work  has  been  done  completely,  the  business  must  be 
thoroughly  established;  that  is,  converted  from  an  inanimate 
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to  an  animate  condition.  The  earnings  from  operation  must 
as  speedily  as  possible  be  brought  to  a  point  where  they  will 
support  all  of  the  expenses.*  During  the  period  of  insufficient 
earnings,  the  deficits  must  be  cared  for.  When  the  earnings 
become  sufficient  to  meet  all  expenses?  including  interest  on  the 
cost  of  the  property,  the  utility  may  be  said  to  have  become  fully 
a  going  concern. 

In  all  of  this  work  the  duties  of  the  board  or  city  officials 
representing  the  public,  or  of  the  officers  representing  the  corpo- 
ration, have  been  the  same.  The  elements  of  costs  have  been  the 
same.  The  principles  involved  have  been  the  same.  The  only 
difference  has  been  one  of  degree  on  some  of  the  items,  as  for 
instance,  less  difficulty,  possibly,  in  securing  rights-of-way,  and 
more  favorable  terms  in  financing.  But  as  already  stated, 
these  advantages  may  in  the  ultimate  results  be  more  apparent 
than  real.  That  phase  I  have  no  intention  of  discussing  in  this 
paper. 

The  principal  cause  of  the  difference  of  opinion  between  the 
public  and  the  public  service  corporation,  as  I  have  come  to  see 
it,  lies  in  the  failure  of  the  public  to  comprehend  all  of  the  ele- 
ments of  cost  entering  into  the  construction  of  a  public  utility 
plant.  Not  only  that,  but  a  failure  also  to  understand  all  of  the 
elements  of  expense  which  must  be  incurred  in  operating  the 
property  and  maintaining  its  integrity,  once  the  plant  has  been 
built  and  the  business  established.  The  corporation  itself  is  only 
beginning  to  understand  some  of  these  things.  Its  officers 
intrusted  with  the  management  of  the  property  have  been  obliged 
to  make  the  best  of  things,  striving  on  the  one  hand  to  earn 
the  dividends  called  for  by  the  stockholders,  and  on  the  other, 
to  maintain  the  property  so  as  to  give  satisfactory  service. 
Without  in  any  way  excusing  the  corporation  from  its  sins  of  the 
past,  or  of  the  present  where  they  still  exist,  the  trouble  is  now 
understood  by  the  corporation,  partly  at  least;  and  it  must  be 
conceded,  I  think,  that  just  at  present  the  fault  lies  more  with 
the  public  than  with  the  corporation.  Let  us  now  take  up  the 
elements  of  cost  constituting  the  capital  investment. 

It  will  be  easier  of  understanding  if  individuals  will  consider 
themselves  a  party  to  the  enterprise.  Assume  for  instance,  that 
you  are  one  of  a  number  of  men  brought  together  to  consider  the 
building  of  a  public  utility  property.  What  is  the  first  step? 
Naturally  you  will  all  want  to  know  whether  the  project  is 
feasible.     This  will  always  involve  preliminary  investigations, 
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the  sounding  of  public  sentiment  to  know  to  what  extent  the 
proposed  service  would  be  demanded,  what  concessions  would 
have  to  be  obtained  in  the  matter  hf  property  consents  and  the 
conditions  under  which  a  franchise  could  be  obtained.  If  these 
inquiries  have  resulted  favorably,  the  next  step  would  be  toemploy 
engineers  to  look  over  the  field  and  make  preliminary  estimates 
of  cost  and  determine  upon  the  feasibility  of  the  project.  With 
the  information  thus  far  acctmiulated  the  bankers  must  be 
consulted  to  determine  whether  the  necessary  money  can  be 
had.  At  this  point  the  project  may  fall  through,  as  there  may 
not  be  a  suflBcient  promise  of  financial  return  to  induce  capital 
to  come  into  the  enterprise. 

All  of  this  preliminary  investigation  has  involved  expense 
which  must  be  borne  by  someone.  It  may  run  from  0.2  to  0.5 
per  cent  of  the  cost  of  the  proposed  property.  In  case  of 
failure  to  go  further  it  would  fall  upon  the  individuals  taking  part 
in  the  investigation.  They  have  gambled  and  lost.  But  should 
the  futtire  promise  be  great  enough  to  interest  capital  mildly, 
let  us  say,  then  the  banker  might  be  induced  to  gamble  a  bit, 
and  by  being  given  suflScient  odds  in  the  way  of  discount  on 
bonds  and  blocks  of  capital  stock  depending  for  their  value 
on  future  earnings,  be  induced  to  come  in.  The  less  of  gamble 
there  may  be,  the  less  the  odds  demanded  by  the  banks;  but  at 
the  present  time  these  keepers  of  the  vital  life  of  all  business 
enterprises  must,  like  the  well-fed  trout,  have  bait  of  some  form 
on  the  hook  to  interest  them  at  all.  Not  so,  however,  with  the 
rank  and  file  who,  like  the  hungry  bull-head,  bite  at  anything, 
even  in  the  dark,  if  only  the  light  of  a  candle  be  exposed  to  show 
in  the  faintest  outline  the  nature  of  the  bait.  But  public 
utility  properties  for  the  most  part  are  not  financed  by  the  rank 
and  file,  but  by  bankers  and  trust  companies.  It  is,  therefore, 
a  real  "  condition,  and  not  a  theory  ",  which  confronts  the  pro- 
moter when  he  seeks  to  finance  a  proposition. 

If  finally  the  preliminary  work  has  resulted  in  the  determi- 
nation to  proceed,  there  comes  the  organization  of  the  company , 
the  employment  of  legal  counsel  to  draw  up  the  necessary  papers, 
the  procuring  of  franchises,  the  obtaining  of  the  necessary  prop- 
erty consents,  the  securing  of  the  right-of-way,  by  ptirchase  or 
otherwise,  the  employment  of  engineers  to  make  the  final  surveys 
and  prepare  the  plans  and  specifications,  the  bidding  and  award 
of  contracts.     The  actual  work  of  construction  then  begins. 

It  is  at  this  point  that  the  public  conceives  the  cost  of  the 
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property  to  begin;  and  for  the  reason  that  the  average  citizen, 
skilled  as  he  may  be  in  the  work  of  his  own  pursuit,  has  little  or 
no  knowledge  of  the  skill  required  in  another's  pursuit.  Yet  this 
average  citizen  must  be  consulted  because  the  project  is  a 
public  utility.  It  furnishes  him  heat,  light  and  power,  trans- 
ports him  to  his  business,  and  provides  him  with  other  fixed 
necessities  of  life.  This  being  so,  let  the  condition  be  met,  and 
first  of  all  let  this  average  citizen  be  educated  to  understand  the 
requirements  which  must  be  met  if  he  is  to  be  furnished  these 
necessities  of  our  modern  civilization.  Once  he  imderstands 
there  will  not  be,  so  far  as  he  is  concerned,  any  further  trouble. 
The  average  citizen  is  fair-minded,  and  asks  for  only  the  square 
deal. 

There  is,  however,  another  type  of  citizen  who,  however  much 
explaining  there  may  be,  persists  in  seeing  things  his  own  way. 
He  may  be  a  self-appointed  guardian  of  the  people's  interest; 
sincere  enough  and  honest  enough,  but  too  often  his  zeal  results 
in  confusion  of  understanding,  if  not  pemiciousness.  Another 
type  belongs  to  the  political  class.  He  sees  gain  in  one  form 
or  another  if  he  can  keep  alive  the  troubles  between  the  public 
and  the  public  service  corporation. 

There  is  no  greater  service  to  be  rendered  the  people  of  our 
country  today  than  that  which  could  be  rendered  by  the  news- 
papers if  they  would  but  go  at  this  matter  with  the  idea  of 
acquainting  their  readers  with  the  facts  on  both  sides.  I  mean 
that  they  should  not  treat  the  quarrels  between  the  public  and 
public  service  corporations  as  items  of  news  merely,  but  detail 
men  on  their  staffs  to  make  a  study  of  the  question  involved, 
bringing  to  their  aid  the  skill  of  the  accountant,  the  engineer, 
the  manager,  the  public  officers  entrusted  with  the  affairs  of 
these  corporations,  the  business  man,  and  the  man  who  has 
devoted  a  lifetime,  it  may  be,  to  a  study  of  this  class  of  problems. 
This  work  should  not  be  done  in  a  haphazard  manner,  but 
systematically  and  with  one  object  in  view,  namely,  to  bring 
about  as  speedily  as  possible  a  clear  understanding  of  all  the 
facts  on  both  sides.  Such  a  work  by  our  newspapers  would  not 
only  add  to  the  stun  total  of  our  happiness,  but  promote  the 
prosperity  and  welfare  of  the  communities  which  they  serve.  I 
sometimes  wonder  why  the  proprietors  of  newspapers  do  not  see 
that  their  own  business  is  in  the  nature  of  a  public  utility, 
morally   at   least. 
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It  is  perhaps  unnecessary  to  refer  in  detail  to  all  of  the  different 
items  entering  into  the  cost  of  the  physical  property  of  a  public 
utility.  Such  items  as  the  following  are  in  general  capable  of 
being  classified  in  an  inventory,  and  are  readily  imderstood: — 
Land  for  railroad  rights-of-way,  electric  transmission  lines, 
and  pond  flowage;  land  for  the  many  kinds  of  buildings  required, 
such  as  office  and  station  buildings,  round  houses,  car  bams, 
power  houses  for  steam  and  hydraulic  plants;  and  for  reservoirs, 
dams,  waterworks,  and  gas  plants.  The  buildings  themselves, 
together  with  their  furnishings  and  fixtures.  The  roadbed,  rails, 
ties  and  bridges  of  a  railroad;  and  the  locomotive,  passenger  and 
freight  equipment.  The  dam  structure,  water  wheels,  and 
generators  of  a  hydroelectric  plant.  The  boilers,  engines  and 
generators  of  a  steam  plant.  The  timnels  and  pipe  lines  of  a 
heating  plant.  The  pimiping  engines,  water  mains,  hydrants 
and  distribution  system  of  a  water  works.  The  machinery, 
gas  holders,  and  distribution  system  of  a  gas  works.  The 
conduits,  manholes  and  distribution  systems  of  electic  lighting 
and  power  plants.  The  switchboard,  machinery  and  apparatus 
of  a  telephone  exchange;  and  the  wires,  pole  lines,  conduits  and 
instrtunents  of  the  distribution  system.  All  of  these  items,  and 
vastly  many  more,  make  up  the  physical  structure  of  public 
utility  plants.  They  are  tangible,  that  is,  they  can  be  seen, 
counted,  measured,  weighed,  and  their  costs  determined.  Ma- 
terials and  labor  are  the  principal  items  in  their  creation  and 
installation. 

The  plans  and  specifications  of  a  utility  plant  having  been 
completed,  proposals  for  its  construction  are  invited.  The 
contractor  figures  the  cost  of  every  item  as  nearly  as  possible, 
adding  various  percentages  to  cover  contingencies,  that  is,  un- 
foreseen difficulties  of  construction  and  oversights,  some  large 
and  some  small.  He  adds  the  costs  of  the  necessary  permits, 
the  insurance  required  on  the  men  employed  and  on  the  buildings 
dtuing  their  construction;  and  finally  adds  another  percentage 
on  the  whole  for  his  profits.  The  propriety  of  these  percent- 
ages in  figiuing  the  cost  of  work  in  advance  is  so  apparent  as  to 
cause  wonderment  that  any  question  should  ever  have  arisen 
as  to  the  equal  propriety  of  including  them  in  making  an  ap- 
praisal of  a  property  at  any  time  after  it  was  built.  Happily  this 
ignorance  concerning  many  of  the  physical  elements  has  been 
dispelled,  and  there  no  longer  is  any  question  of  allowing  the 
necessary  percentages  to  cover  contingencies,  insurance,  con- 
tractors' profits,  engineering  and  superintendence. 
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In  amount  the  contingency  percentages,  varying  on  thedifferent 
things  from  2  to  20  per  cent  and  upwards,  may  be  assumed  to 
average  not  less  than  10  per  cent.  One  half  is  usually  applied 
directly  to  the  items  themselves,  the  other  half  as  a  percentage 
on  the  total  cost  of  all  the  items.  Insurance  varies  from  0.5  to  1 
per  cent.  The  contractor's  profit  should  be  estimated  at  not 
less  than  10  per  cent.  Engineering  and  superintendence,  like 
contingencies,  varies  with  the  different  items  from  2  to  10  per 
cent  and  over,  an  average  being,  say,  5  per  cent.  One  half  is 
applied  directly  to  the  items  themselves,  the  other  half,  as  a 
percentage  on  the  total  cost  of  all  the  items,  including  the 
contingencies  and  contractor's  profits.  If  the  insurance  has  not 
been  included  with  the  contractor's  costs,  it  should  follow  after 
engineering  and  superintendence,  and  may  then  be  combined 
with  taxes  in  a  percentage  varying  from  0.5  to  3.5  per  cent.  In 
the  application  of  these  percentages,  only  the  general  engineering 
percentage  should  be  applied  to  land,  the  cost  of  which  embraces 
its  own  particular  expenses  of  acquiring,  including  damages, 
deeds  of  transfer  and  the  like. 

In  case  the  contract  has  been  awarded  to  a  general  contractor 
he  may  sublet  the  different  parts  to  other  contractors,  each  of 
whom  includes  in  his  bid  contingencies  and  other  items  proper 
for  his  particular  part  of  the  work  and  his  profits.  In  such  cases 
the  cost  of  the  plant  includes,  besides  the  contingencies  and  profits 
of  the  sub-contractor,  similar  items  for  the  general  contractor.  A 
general  contractor  responsible  to  the  owners  for  the  success  of 
all  building  operations  would  probably  demand  and  receive 
not  less  than  10  per  cent  of  the  cost  of  the  entire  work  covered  by 
his  contract;  and  instances  are  known  where  the  general  con- 
tractor's profit  has  been  large,  20  per  cent  or  more.  The  measure 
of  his  profit  is  usually  determined  by  the  nature  of  the  work,  that 
is,  the  difficulties  and  imcertainties  involved.  The  building  of 
the  Detroit  River  Tunnel  is  an  example  of  where  the  general 
contractor  made  a  large  profit;  but  the  uncertainties  were  such 
that  it  was  not  known  in  advance  whether  his  profit  would  be 
large  or  small,  or  whether  there  would  not  be  an  actual  loss. 

Another  method  in  vogue  is  to  place  all  building  operations 
in  the  hands  of  an  engineering  firm  which  makes  all  surveys, 
prepares  the  plans  and  specifications,  and  superintends  the 
work  from  start  to  finish,  making  a  charge  therefore  of  10  per  cent 
on  the  actual  cost  of  the  work.  This  virtually  amounts  to  a 
profit  of  10  per  cent,  as  the  cost  on  which  the  percentage  is  based 
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usually  includes  the  salaries  and  wages  of  the  men  employed  in 
the  engineering  work,  and  all  traveling  and  office  expenses  as 
well.  It  is  known  as  the  "  cost  plus  a  percentage  "  plan.  The 
engineering  firm  may  be  likened  to  the  general  contractor  with 
this  difference:  The  former  takes  its  percentage  on  actual  costs 
determined  after  the  work  is  completed;  and  the  latter,  on  the 
estimated  costs  made  before  the  work  is  begun.  Obviously 
the  uncertainties  involved  would  cause  the  general  contractor 
to  guard  himself  by  making  liberal  estimates. 

We  come  now  to  discuss  certain  other  expenses  chargeable 
to  capital,  but  which  are  not  so  well  understood.  Taxes  during 
the  construction  period  is  an  item  usually  overlooked  by  the 
public.  Obviously,  any  real  estate  acquired  by  a  corporation 
for  public  utility  purposes  would  be  taxed  the  same  as  similar 
property  owned  by  an  individual.  Taxes  not  infrequently  are 
also  imposed  on  structures  built,  even  before  any  use  is  actually 
made  of  them.  One  very  common  error  of  the  public  is  to 
assume  that  if  municipally  owned  there  would  be  no  taxes  on  a 
public  utility  property.  True,  there  would  be  no  taxes  levied 
directly  against  the  property,  but  there  would  be  the  indirect 
taxes  which  every  taxpayer  would  have  to  meet.  To  illustrate: 
A  public  service  corporation  has  to  pay  certain  taxes  on  its 
property,  and  they  may  be  very  large.  If  this  property  be  ac- 
quired by  the  city,  it  bears  no  taxes.  The  same  amount  of 
money  being  required  to  meet  the  expenses  of  government,  after 
as  before,  it  follows  that  the  citizens  must  make  up  the  amount 
formerly  paid  by  the  corporation.  If,  however,  the  earnings 
remain  the  same,  there  will  be  money  to  pay  the  taxes  out  of 
earnings.  But  in  that  case  presimiably  the  rates  of  charges 
for  service  would  remain  the  same,  so  that  one  of  the  alleged 
benefits  of  public  ownership  would  disappear.  The  item  of  taxes 
is,  in  an  appraisal,  frequently  combined  with  insurance,  the 
amount  of  the  item  then  varjdng  from  0.5  to  3.5  per  cent. 

The  item  of  organization,  administration,  and  legal  expenses 
usually  follows  insurance  and  taxes  and  precedes  interest  during 
construction.  As  used  by  some,  the  term  is  rather  elastic  in 
being  made  to  include  all  preliminary  expenses,  costs  of  pro- 
motion, certificates  of  necessity,  mortgage  tax,  fees  of  incor- 
poration, securing  of  franchises,  and  other  general  expenses. 
It  is  usually  expressed  as  a  percentage  varying  from  2.5  to  5  per 
cent,  being  applied  to  the  sum  of  all  preceding  costs,  including 
lands. 
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There  arises  in  connection  with  many  utility  projects  certain 
expenses  which  have  come  to  be  known  as  costs  of  promotion  and 
promoter's  profits.  The  terms  themselves  are  rather  infrequently 
used  in  appraisals,  these  expenses,  if  considered  at  all,  being  in- 
cluded under  costs  of  administration.  Administration  is 
frequently  combined  with  organization  and  legal  expenses. 
Whatever  may  be  said  for  and  against  costs  of  promotion  and 
promoter's  profits  in  the  sense  that  they  represent  intangible 
elements  in  the  nature  of  "  rake-offs  ",  there  are,  in  a  totally 
different  sense,  certain  expenditures  during  both  the  construction 
period  and  the  early  operative  period  which  are  legitimate  and 
necessary  and  best  described  as  promotion  costs.  In  the  sense 
that  a  promoter  forwards,  advances  and  encourages,  that  is, 
contributes  to  the  growth,  enlargement  and  excellence  of  a 
utility  project  desired  by  the  public,  there  can  be  no  question 
that  such  costs  are  entitled  to  consideration  in  determining  a 
reasonable   charge   for   service. 

As  to  a  promoter's  profit,  its  propriety  may  possibly  be 
decided  by  considering  to  what  extent  one  would  be  willing  to 
contribute  to  a  project,  independent  of  its  construction  cost,  to 
procure  its  establishment;  or,  were  a  utility  now  serving  the 
public  in  some  necessary  capacity  to  be  taken  away,  to  what 
extent  would  you,  as  one  served  by  it,  be  willing  to  contribute 
rather  than  lose  it.  Put  it  another  way:  A  man  says  he  can 
make  a  success  of  a  utility  the  citizens  want,  or  now  have.  You 
doubt  its  possibility  but  consent  to  a  trial,  and  he  does  it.  How 
much  are  you  willing  to  compensate  him  for  his  energy  and  brains? 
This  implies  a  conception  free  of  bias,  broad-gaged  and  just  to 
all  interests  concerned,  which  can  be  had  only  by  being  fair  and 
open-minded,  and  by  carefully  refraining  fron  reaching  any 
conclusion  in  advance.  Obviously  no  percentage  could  be 
given  for  promoter's  profits,  but  appraisals  in  which  the  costs 
of  promotion  have  been  ascertainable  indicate  that  a  proper 
charge  may  be  as  much  as  2  per  cent.  Its  allowance  must  de- 
pend on  circumstances,  and  if  included  as  a  separate  item,  it 
must  of  course  be  excluded  from  administration  costs. 

Interest  during  the  period  of  construction  is  an  important  item 
often  overlooked  in  the  past.  This  means  simply  that  the  money 
which  has  been  expended  from  time  to  time  during  the  progress 
of  the  work  cannot  be  had  without  interest.  If  borrowed,  it  is 
secured  by  interest-bearing  notes;  and  if  provided  through  the 
sale  of  bonds,  these  bonds  bear  interest.    Ordinarily,  the  interest 
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charge  is  based  on  the  assumption  that  the  money  expended 
starts  at  zero,  and  mounts  uniformly  to  the  total  at  the  end  of 
the  construction  period.  Thus  the  rate  of  interest  is  applied 
to  one-half  the  total  cost,  or  one-half  the  rate  is  applied  to  the 
total  cost.  The  construction  period  varies  with  different  kinds 
of  property,  one  year,  two  years,  and  three  years  being  common 
lengths  of  time.  It  extends  to  the  time  when  the  property  is 
put  into  operation  and  begins  to  earn.  A  rate  of  6  per  cent  per 
annum  is  usually  asstmied. 

The  management  of  a  public  utility  requires  a  home  for  its 
officers'and  the  necessary  furniture  and  fixtures.  These  may  be 
rented,  in  which  case  the  rent  becomes  an  operating  expense;  or 
the  company  may  own  its  offices  and  furniture  and  the  special 
fixtures  needed  for  its  business.  The  cost  then  becomes  a  cap- 
ital charge.  In  large  properties,  street  and  steam  railways 
particularly,  the  offices,  furniture  and  fixtures  are  frequently 
items  of  considerable  expense.  The  cost  of  the  equipment  of 
offices,  if  incurred  at  the  end  of  the  construction  period,  does  not 
involve  interest  during  the  construction  period  and  the  item  can 
follow  this  interest.  If,  however,  it  has  come  earlier,  its  cost 
should  enter  into  the  sum  on  which  interest  during  construction 
is  computed. 

Certain  necessary  stores  and  supplies  must  be  provided  ready 
for  use  in  emergencies  before  the  property  can  be  put  into  oper- 
ation. After  the  plant  has  been  in  operation  for  a  time,  these 
gradually  adjust  themselves  as  to  quantities  of  the  various  items. 
The  money  represented  by  stores  and  supplies  can  bear  no 
interest  unless  it  be  incorporated  in  the  capital,  or  be  carried  as 
a  floating  debt .  In  either  case  the  interest  on  this  money  becomes 
a  proper  charge  against  earnings.  The  amotmt  considered  is 
usually  an  average  taken  from  the  books. 

Another  item  which  occasions  surprise  is  working  capital.  By 
this  is  meant  the  money  which  must  always  be  available  to  pay 
bills,  labor  and  the  ordinary  expenses  of  operation,  and  which  in 
the  very  nature  of  the  fund  cannot  bear  interest  except  it  be  in- 
corporated in  capital,  or  be  borne  as  a  floating  debt  with  interest 
paid  out  of  earnings.  In  either  case  it  becomes  a  charge  against 
earnings,  and  therefore  takes  part  as  a  factor  in  determining 
reasonable  rates  or  charges.  As  between  a  capital  charge  and  a 
floating  debt  it  may  be  pointed  out  that  as  a  capital  charge  the 
rate  of  interest  would  presimiably  be  less  than  as  a  floating 
debt.    A  working  capital  is  as  necessary  an  expense  as  aCny  other 
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in  the  production  of  a  public  utility  property.  Without  it  the 
business  for  which  the  property  was  constructed  could  not  be 
done.  How  often  have  we  known  of  the  failure  of  apparently 
good  business  enterprises  merely  for  the  lack  of  sufficient  work- 
ing capital.  The  amount  of  working  capital,  like  stores  and  sup- 
plies, is  usually  an  average  taken  from  the  books. 

We  have  now  reached  the  point  at  which  the  property  has  been 
completed,  having  considered  items,  all  of  which  may  enter  into 
the  capital. investment,  and  are  ready  to  take  up  the  second  princi- 
pal factor,  namely,  operating  expenses.  With  a  working  capital  to 
hand,  the  property  has  been  put  into  operation.  It  begins  to 
earn,  but  a  considerable  time  must  elapse  ordinarily  before  the 
earnings  from  operation  suffice  to  meet  all  of  the  expenditures. 
By  all  of  the  expenditures  I  mean,  interest  on  the  cost  of  con- 
struction, taxes,  operating  expenses,  a  fimd  out  of  which  the  ex- 
penses of  maintaining  the  integrity  of  the  property  can  be  borne, 
and  another  fund  to  provide  for  losses  of  capital  at  the  end  of  the 
franchise  period.  These  latter  I  will  discuss  separately  under 
the  head  of  "  Depreciation  "  and  "  Sinking  Fund  ",  respec- 
tively. During  this  period  of  insufficient  earnings,  money  must 
be  borrowed  to  make  up  deficits;  not  only  that,  but  interest 
must  be  paid  on  the  borrowed  money  until  the  time  that  the  earn- 
ings suffice  to  meet  all  expenses.  This  accumulated  deficit  con- 
stitutes what  may  be  termed  the  cost  of  procuring  a  going 
concern;  in  other  words,  the  cost  of  establishing  the  business. 
Were  the  property  to  change  hands  at  the  time  the  earnings  just 
suffice  to  pay  all  expenses,  the  cost  of  establishing  the  btisiness 
would  become  the  going  concern  value  of  the  property,  and  be 
a  part  of  the  total  value  of  the  property  as  a  going  concern  at 
that  time.  It  is  a  difficult  element  of  cost  to  determine  satisfac- 
torily, in  the  absence  of  well-kept  accounts,  starting  with  the 
property  itself. 

Not  infrequently  the  point  is  made  that  the  longer  it  takes  to 
establish  the  business,  that  is,  the  greater  the  siun  of  its  deficits 
in  earlier  years,  the  greater  is  its  vahxe  as  a  going  concern.  This 
apparent  inconsistency  is  explained  by  the  fact  that  these  deficits 
are  real  costs,  and  necessary  if  the  utility  is  to  be  had  at  all.  The 
utility  being  a  necessity,  it  must  be  supported  by  the  public 
the  same  as  any  other  necessity.  The  cost  of  establishing  the 
business  therefore  becomes  a  factor  in  determining  reasonable 
rates  or  charges.  This  cost,  like  that  of  working  capital,  if  incorp- 
orated in  the  interest-bearing  capital,  becomes  less  of  a  burden 
against  earnings  than  if  carried  as  a  floating  debt. 
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Probably  the  least  understood  factor  of  expense  in  connection 
with  a  public  utility  property  is -depreciation.  I  have  called  this 
the  third  factor  in  determining  a  reasonable  charge  for  public 
utility  service.  By  depreciation  I  mean  the  money  required  to 
to  be  paid  out  of  earnings  in  order  to  meet  the  expenses  of  main- 
taining the  integrity  of  the  property.  Depreciation  is  the  re- 
sult of  wear  and  tear  and  exposure  to  the  elements.  It  also  in- 
cludes the  replacement  of  machinery  which,  while  not  yet  worn 
out,  has  become  obsolete;  that  is,  no  longer  economical  to  use; 
or  if  still  economical,  no  longer  satisfactory  to  the  public.  De- 
preciation includes,  further,  the  wrecking  of  the  machinery  due 
to  accident,  or  to  the  acts  of  God. 

In  the  building  of  a  public  utility  property  all  of  the  elements 
are  originally  new,  but  as  time  goes  on  these  elements  suffer  wear 
or  decay,  some  in  one  degree,  some  in  another.  When  an  ele- 
ment has  become  worn  to  a  point  where  it  is  no  longer  profitable 
to  keep  it  in  service,  it  is  replaced.  Thus  in  time  we  have  a  prop- 
erty which  as  a  whole  is  made  up  of  old  and  new  elements, 
the  condition  of  which  in  the  aggregate  is  something  less  than  the 
first  cost  of  these  elements  new.  In  the  very  nature  of  the  prop- 
erty it  is  impossible  ever  after  it  is  once  started  to  have  present  in 
it  the  full  100  per  cent  represented  by  all  new  elements.  It  can, 
however,  be  maintained  in  some  condition  less  than  100  per  cent, 
and  it  is  usual  and  necessary  to  maintain  it  at  a  point  which  will 
enable  the  most  satisfactory  service  to  be  rendered  with  the  small- 
est expense  consistent  with  satisfactory  service.  This  point 
may  be  anywhere  between  80  and  90  per  cent,  depending  on  the 
kind  of  property. 

The  expense  necessary  to  keep  an  element  in  service  during  its 
useful  life  is  a  plain  operating  expense  classed  under  maintenance 
and  repairs,  and  is  not  included  under  depreciation  as  I  am  de- 
scribing it.  The  depreciation  fund  is  properly  a  separate  fund, 
maintained  as  such  as  distinctly  as  an  interest  fund.  It  is  the 
fund  which  insures  the  prolongation  of  the  life  of  the  property 
indefinitely  and  always  in  a  condition  to  render  satisfactory 
service.  It  is  not,  however,  a  fund  out  of  which  additions,  exten- 
sions or  betterments  may  be  made,  which  in  their  nature  consti- 
tute additions  to  capital. 

Thus  understood,  depreciation  becomes  a  factor,  and  indeed 
a  vehry  important  factor  in  determining  reasonable  charges  for 
public  utility  service.  Unhappily,  the  practise  of  providing 
this  fund  is  not  uniform  with  the  different  utilities — ^not  uniform 
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either  in  principle  or  practise.  It  has  long  been  common  for 
some  utilities,  railroads  for  instance,  to  wear  down  in  lean  years 
and  build  up  in  fat  years.  Thus  the  condition  of  the  property 
is  not  maintained  in  some  uniform  condition  expressed  as  a  defi- 
nite percentage  of  the  cost  of  all  new  elements,  as  for  example, 
80  per  cent,  but  may  vary  all  the  way  from  75  to  85  per  cent. 

It  is  commonly  believed  by  the  public  that  a  utility  property 
should  not  be  permitted  to  earn  on  more  than  the  so-called 
present  value  of  its  physical  elements; that  is,  their  cost  new,  less 
depreciation,  say  80  per  cent  of  the  cost  new,  or  less.  As  bearing  on 
this  I  have  pointed  out  that  the  property,  which  by  means  of  a 
proper  depreciation  fund  can  be  maintained  at  some  definite  per- 
centage which  enables  it  to  render  satisfactory  service,  has  cost 
100  per  cent.  That  is,  the  80  per  cent  property  can  not  be  had 
at  all  without  expending  the  100  per  cent.  Thus  in  order  to  have 
an  80  per  cent  physical  condition,  we  must  have  a  capital  charge 
of  100  per  cent.  From  this  it  becomes  apparent  that  in  deter- 
mining a  resonable  charge  we  must  base  it  not  on  the  percent- 
age which  represents  condition,  but  on  the  cost  of  the  property 
which  cannot  be  maintained  economically  above  an  80  per  cent 
•  condition. 

If,  however,  it  be  insisted  that  only  that  percentage  of  the 
total  cost  which  is  represented  by  the  maintained  condition  of 
the  property  can  bear  an  interest  return,  the  loss  of  capital  and 
interest  thus  incurred  must  be  provided  for  out  of  earnings  in 
another  way,  namely,  by  a  sinking  fund.  This,  then,  is  the 
fourth  factor  determining  a  reasonable  charge  for  public  utility 
service.  It  is  to  be  borne  in  mind  that  in  this  entire  discussion 
I  am  assuming  only  actual  costs  in  the  capital  investment,  and 
only  such  an  interest  rate  as  will  induce  the  investment  of  the 
capital  in  the  utility.  At  the  end  of  the  franchise  period  it  is 
necessary  to  make  good  both  principal  and  interest. 

The  importance  of  this  sinking  fund  and  its  magnitude  depend 
on  the  attitude  of  the  public  towards  the  utility  company.  The 
public  service  corporation  works  under  a  franchise,  which  is 
simply  a  grant  by  the  public  of  the  right  to  do  business.  With 
certain  kinds  of  utilities  the  franchise  is  perpetual,  with  others, 
the  life  is  Umited  to  a  definite  period,  say,  30  years.  In  some 
states,  Wisconsin  for  instance,  indeterminate  franchises  are 
granted;  that  is,  franchises  which  can  be  called  in,  or  siurendered, 
at  any  time,  subject  to  control  by  the  Railroad  Commissionof  that 
state.    In  the  case  of  a  limited  franchise  under  which  the  utility 
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company  must  cease  operations  and  close  up  its  business  at  the 
end  of  a  definite  period,  the  company  must  make  not  only  enough 
to  pay  the  interest  on  the  cost  of  the  plant  and  maintain  it 
always  in  condition  to  render  the  service  demanded  by  the  public, 
as  well  as  the  operating  expenses,  including  taxes,  insurance  and 
repairs,  but  also  an  additional  amount  to  cover  whatever  part 
of  the  plant  must  be  sacrificed  at  the  end.  This  means  a  sinking 
fund  to  retire  portions  of  the  cost,  if  not  the  entire  cost.  In 
other  words,  the  company  must  earn  enough  during  its  life  to  pay 
back  whatever  part  of  the  principal  has  to  be  sacrificed,  as  well 
as  the  interest  on  the  principal,  in  addition  to  maintaining  and 
operating  the  plant  satisfactorily  during  its  franchise  life. 

This  sinking  fund  is  not  always,  indeed,  I  may  say,  is  not 
generally,  kept  as  a  separate  accoimt,  in  this  country;  but  is  taken 
out  in  the  form  of  distributed  earnings  from  year  to  year  in  excess 
of  the  amount  normally  required  as  interest  on  the  cost.  Not 
infrequently  what  appears  as  an  abnormally  large  dividend  will 
on  analysis  be  fotmd  to  be  only  sufficient  in  the  end  to  make  good 
to  the  investor  both  the  interest  on  his  money  and  the  principal 
sacrificed  when  the  business  is  closed  out. 

It  should  be  clear  from  this  that  in  general  a  long  term  franchise 
is  more  favorable  to  the  public,  so  far  as  charges  for  service  are 
concerned,  than  a  short  term.  To  illustrate:  assume  that  the 
plant  must  be  sold -for  what  it  will  bring  as  scrap  or  second-hand 
material;  the  difference  between  its  cost  and  sale  value  must  be 
made  up  out  of  earnings  during  the  life  of  the  franchise.  Thus, 
if  the  franchise  life  be  short,  say  25  years,  the  sinking  ftmd  annuity 
must  be  much  larger  than  if  the  life  be  60  years.  No  annuity  is 
required,  when  the  life  is  perpetual.  No  doubt  longer  term 
franchises  will  be  granted  in  the  future,  particularly  now  that 
the  control  of  them  is  being  lodged  by  the  states  in  public  service 
commissions. 

I  am  not  discussing  in  this  paper  conditions  which  have 
existed  in  the  past,  or  may  exist,  now,  in  connection  with  old  prop- 
erties, but  am  confining  myself  to  fundamental  things,those  which 
should  guide  us  in  our  future  relations;  those  relations  which  will 
come  to  exist  when  the  public  service  corporation  is  permitted 
to  earn  only  enough  on  its  investment  to  bring  capital  into  the 
field;  that  is,  the  critical  condition,  as  it  were. 

There  remains  for  me  only  one  more  topic,  and  this  I  have  put 
oflE  until  the  last,  always  shying  at  it,  and  going  around  when 
possible.    I  refer  to  discounts  and  securities.    This  I  have  found: 
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No  bond  house  will  even  consider  financing  a  public  service  cor- 
poration without  a  bond  discount.  I  refer  particularly  to 
utilities  built  and  operated  under  a  limited  franchise.  It  wiQ 
have  to  be  a  good  property  to  secure  better  than  15  per  cent  dis- 
count. It  is  an  excellent  property  which  commands  as  low  as 
10  per  cent  discount.  The  best  discount  I  have  ever  come  across 
in  my  own  investigations  is  8  per  cent.  This  does  not  apply  to 
municipalities,  however,  at  least  not  to  the  same  extent. 

The  simple  conclusion  is  that  if  the  public  utility  is  a  necessity 
and  the  money  for  it  is  obtained  in  the  usual  way,  one  element  of 
cost  is  the  discount  on  the  bonds,  which  in  effect  starts  the  prop- 
erty off  with  some  water  in  its  securities.  It  is,  or  is  not,  water, 
as  you  view  it.  Anyhow  it  is  necessary  in  the  ordinary  way  of 
financing  properties.  Thus  we  are  obliged,  in  determining  a 
reasonable  charge  for  public  utility  service,  to  consider  not  merely 
the  actual  cost  as  I  have  previously  given  it,  but  something  more, 
namely,  the  face  of  the  securities  which  command  an  interest 
return.  Opinions  differ  on  whether  it  is  better  for  this  discount 
to  be  absorbed  as  a  capital  charge  or  carried  as  an  interest  charge. 
So  far  as  the  purpose  of  this  paper  is  concerned  it  is  not  material, 
as  in  either  case  there  must  be  a  charge  against  earnings  to  take 
care  of  the  discount. 

It  will  be  convenient  to  bring  together  the  several  elements 
which  take  part  in  determining  a  reasonable  charge  for  public 
utility  service.  Not  all  of  them  take  part  at  the  same  time,  nec- 
essarily, for  some  may  appear  in  one  case  and  not  in  another; 
or  several  may  be  combined  in  a  single  item.  In  a  general  way 
and  in  a  somewhat  natural  order,  they  may  be  summarized  as 
follows: 
Firstf  Capital  Investment, 

1.  Preliminary  costs  covering  investigations  as  to  feasibility 
of  project. 

Note.-  Organization,  promotion,  administration,  and  legal  ex- 
penses, engineering  and  superintendence  during  construction, 
which  are  distributed  over  the  whole  period  of  construction,  are 
more  conveniently  placed  later  in  the  schedule. 

2.  The  physical  property;  the  several  items  making  up  the 
whole  arrangedin  order,  each  affected  with  its  proper  allowances  to 
cover  contingencies,  special  engineering,  and  other  costs  peculiar 
to  the  item;  land  first,  {followed  by  clearing  and  grubbing,  then 
the  various  structtues  and  equipment;  sub-contractors'  profits 
included  with  separate^items. 
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3.  General  contingencies  applicable  to  the  property  as  a  whole 
as  distinguished  from  special  contingencies  applicable  to  particr 
tdar  items. 

4.  General  contractor's  profits;  or,  the  profits  to  an  engineer- 
ing firm  building  the  property  on  the  "  cost  plus  a  percentage  " 
plan. 

5.  General  engineering,  and  superintendence  during  construc- 
tion. 

6.  Insurance  and  taxes. 

7.  Organization,  administration,  and  legal  expenses. 

8.  Cost  of  promotion,  and  promoter's  profits. 

9.  Interest  during  the  construction  period. 

10.  Office   furniture    and    fixtures. 

11.  Stores  and  supplies. 

12.  Working  capital. 

Second,  Operating  Expenses. 

13.  Operating  expenses  per  se\  that  is,  salaries,  wages,  fuel  and 
other  supplies,  repairs  and  upkeep;  all  expenditures  required  in 
rendering  the  service  of  the  utility,  including  insurance  and  taxes. 

14.  Interest  on  the  capital  investment  (the  actual  cost  of  the 
property),  i.e.,  interest  on  securities  which  must  be  paid  regularly. 

16.  Interest  on  floating  debts;  this  may  include  the  discount 
on  bonds,  and  the  cost  of  financing,  if  these  have  not  been  in- 
corporated with  capital. 

16.  Cost  of  establishing  the  business;  the  sums  of  money  re- 
quired to  be  borrowed,  with  interest  on  the  same,  to  make  good 
the  differences  between  the  earnings  and  expenditures  up  to  the 
time  the  earnings  become  sufficient  to  meet  all  expenditiires. 
This  may  be  made  a  capital  charge,  or  carried  as  a  floating  debt 
to  be  paid  out  of  future  earnings. 

Thirdj  Depreciation  Fund. 

17.  The  regular  contribution  to  the  depreciation  fund,  out  of 
which  the  integrity  of  the  property  is  to  be  maintained. 

Fourth,  Sinking  Fund. 

18.  The  annuity  required  to  retire  such  portions  of  the  securities 
as  may  be  necessary  at  the  expiration  of  the  franchise  Ufe  of  the 
property,  in  order  that  the  investor  may  receive  back  his  entire 
principal  when  the  business  is  closed  out. 
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It  will  stirprise  everyone  not  familiar  with  the  cost  of  building 
utility  plants  to  learn  that  the  so-called  over-head  charges  are  in 
the  aggregate  a  large  percentage  of  the  costs  of  labor  and  the 
material  things  entering  into  their  construction.  An  exami- 
nation of  the  various  percentages  mentioned  in  discussing  the  ele- 
ments of  cost,  omitting  items  1,  4,  8,  15  and  16,  will  disclose 
that  if  the  individual  contingencies  of  construction,  special  en- 
gineering charges,  and  contractor's  profits  be  assumed  to  be  em- 
braced in  item  2,  the  total  percentage  may  vary  from  12  to  25 
per  cent;  and  if  these  inside  percentages  be  added  to  the  outside, 
or  general,  percentages,  the  total  percentage  may  vary  from  30 
to  60  per  cent. 

It  is  to  be  regretted  that  engineers,  and  others  who  have  had 
experience  in  building  properties,  and  valuing  them  afterwards, 
have  not  done  more  towards  disseminating  knowledge  of  the 
actual  conditions  fotmd  in  such  work.  We  should  then  be  much 
further  along  towards  the  mutual  understanding  which  must  ex- 
ist before  the  public  and  the  public  service  corporation  can  get 
together  on  common  grotmd.  But  engineers  have  many  times 
hesitated  to  use  the  larger  percentages,  fearing  to  be  accused  of 
favoring  the  corporation.  They  have  preferred  instead  to  seciu^e 
the  equivalent  of  them  by  using  larger  units  of  costs;  or  have  used 
the  smaller  percentages,  influenced  by  the  feeling,  unconsciously 
perhaps,  that  all  things  considered,  the  results  were  fair  enough. 
In  combining  the  judicial  with  their  engineering  function,  they 
have  unwittingly  only  obscured  the  issue.  All  too  frequently 
engineers  have  felt  obliged  to  exert  themselves  to  the  utmost  in 
favor  of  their  client,  leaving  the  interests  of  the  other  side  to  be 
fought  for  with  equal  solicitude  by  an  opposing  engineer.  Thus 
they  have  become  advocates.  This,  in  my  opinion,  is  not  the 
best  way  to  handle  these  momentous  problems.  It  would  be  far 
better  in  these  troublesome  times  to  throw  open  the  blinds  and 
let  in  all  the  light,  oiu"  motto  being  Veritas  vinaU. 
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THE  DIELECTRIC  STRENGTH  OF  THIN  INSULATING 

MATERIALS 


BY   F.   M.    PARMER 


Introduction 

The  object  of  this  paper  is  to  record  the  results  of  an  investi- 
gation which  has  been  made  at  the  Electrical  Testing  Labora- 
tories to  determine  the  effect  of  electrode  area  on  the  apparent 
dielectric  strength  of  insulating  materials  in  the  form  of  thin 
sheets. 

It  is  well  known  that  many  conditions  affect  the  results 
when  testing  such  sheet  insulating  materials  as  varnished 
cambric  for  dielectric  strength.  The  principal  ones  are  tempera- 
ture, rate  of  application  of  the  potential,  shape  of  the  electrodes 
and  size  of  the  electrodes.  Unfortunately  there  are,  as  yet,  no 
standard  specifications  for  testing  these  materials  and  each 
manufacturer,  purchaser  and  testing  laboratory  uses  those 
methods  which  seem  to  be  the  most  satisfactory.  In  general, 
varnished  cambric  and  similar  materials  are  tested  by  placing 
the  sample  between,  and  in  contact  with,  two  similar  flat  cir- 
cular electrodes  to  which  the  potential  is  applied.  The  greatest 
divergence  appears  to  be  in  the  size  of  the  electrodes  which 
vary  from  needle  points  to  disks  15  in.  (38  cm.)  in  diameter. 

The  argtmient  advanced  in  favor  of  the  use  of  large  electrodes 
is  that  there  is  more  or  less  variation  in  the  material,  and  that 
the  minimum  value  of  the  dielectric  strength  will  be  foimd 
more  readily  with  large  electrodes  than  with  small  ones.  On 
the  other  hand,  it  is  contended  that  the  use  of  very  small  elec- 
trodes introduces  an  abnormal  condition  causing  concentration 
of  the  electrical  stress  and  failure  at  too  low  potentials.  While 
much  work  has  been  done  in  investigations  of  the  dielectric 
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strength  of  insulating  materials,  especially  air,  no  data  have 
been  published  (so  far  as  the  writer  knows)  showing  just  what 
effect  may  be  expected  with  variation  in  the  size  of  the  electrodes, 
and  it  is  thought,  therefore,  that  the  results  of  some  work  done 
in  this  particular  direction  will  be  of  interest. 

The  following  tests  were  made  with  two,  similar,  flat,  circular 
electrodes  ranging  from  1/64  to  6,  10,  and  15  in.  (0.39  mm.  to 
15.2,  25.4  and  38  cm.)  in  diameter  and  placed  directly  opposite 
each  other; 

1.  On  insulating  cloth  and  thin  sheet  hard  rubber  in  air. 

2.  On  insulating  doth  in  air  and  in  transformer  oil. 

3.  On  transformer  oil  with  various  spacings. 

4.  On  air  with  various  spacings. 

Too  many  variables  enter  in  tests  of  this  kind  to  pennit  a 
high  degree  of  precision.  It  is  only  by  taking  the  average  of 
a  relatively  large  number  of  readings  that  even  an  approximately 
reliable  result  can  be  obtained.  However,  in  these  tests,  the 
object  was  to  obtain  relative  results  only,  consequently  the 
data  shotild  be  considered  as  qualitative  rather  than  quantitative. 

Apparatus 
Most  of  the  tests  were  made  with  a  10-kv-a.  transformer 
connected  to  a  62.5-cycle,  150-kv-a.  generator,  but  a  few  of  the 
tests  in  air  were  made  with  two  2-kv-a.  transformers.  The 
high-tension  voltage  was  controlled,  in  all  cases,  with  a  variable 
ratio  auto-transformer  in  the  low-tension  circuit  and  measured 
with  a  voltmeter  connected  across  the  low-tension  terminals. 
Check  measurements  were  made  at  intervals  with  an  electro- 
static voltmeter  directly  across  the  high-tension  terminals  but 
in  no  case  was  any  appreciable  discrepancy  found.  Oscillo- 
graph records  showed  that  the  wave  form  was  practically  a 
sine  curve  under  all  conditions  prevailing  during  the  tests. 
The  potential  was  always  applied  at  a  very  low  value  (practically 
zero)  and  raised  gradually  and  smoothly  at  a  rate  of  about 
1000  to  1200  volts  per  second.  Enough  tests  (rarely  less  than 
ten)  were  made  under  each  condition  to  insure  an  average 
value  of  reasonable  reliability.  The  electrodes,  which  were 
I  in.  (9.5  mm.)  in  diameter  and  over,  were  flat  brass  disks  1/16  to 
3/16  in.  (1.5  to  4.7  mm.)  thick  with  the  comers  slightly  rounded. 
The  electrodes  J  in.  in  diameter  and  less,  consisted  of  J-in. 
(6.3  mm.)  brass  rods  tapered  to  the  required  area  at  the  ends, 
the  comers  being  slightly  rounded. 


Digitized  by 


Google 


1913] 


FARMER:  INSULATING  MATERIALS 


2099 


In  all  tests  on  cloth  and  hard  rubber,  except  those  with  elec- 
trodes over  6  in.  (15.2  cm.)  in  diameter,  the  electrodes  were 
arranged  similar  to  an  ordinary  spark  gap,  being  attached  to 
the  ends  of  horizontal  rods  which  were  supported  by  suitable 
vertical  pillars.  The  specimen  was  placed  between  the  electrodes 
which  were  then  brought  together  with  sufficient  pressure  to 
insure  uniform  and  complete  contact.  The  pressure  was 
probably  never  more  than  a  few  ounces.     Previous  tests  have 
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Fig.  1 — Effect  of  Elbctrode  Area  on  Apparent  Dielectric 
Strength  of  Varnished  Cambric  when  Tested  in  Air. 


shown  that  wide  variations  in  pressures  of  this  order  had  no 
appreciable  effect. 

Tests  on  Insulating  Cloth  and  Hard  Rubber  in  Air 
The  results  of  the  tests  on  varnished  cambric  (nominally 
12  mils  thick)  are  given  in  Table  I  and  Pig.  1.  The  lower  curve 
shows  that  the  apparent  dielectric  strength  decreases  very 
rapidly  from  a  maximum  value  as  the  size  of  the  electrodes  is 
increased,  but  that  the  decreaseps  relatively  slow  beyond  about 
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5  in.  (12.7  cm.)  diameter.  The  total  decrease  from  the  maxi- 
mum of  1390  volts  per  mil  with  1/16-in.  (1.5-mm.)  electrodes 
to  625  volts  with  15-in.  (38-cm.)  electrodes  is  about  55  per  cent 
of  which  about  42  per  cent  took  place  between  the  1/16  in. 
(1.5  mm.)  and  4-in.  (10.16-cm.)  electrodes. 

TABLB  I. 

VARIATION  IN  DIBLBCTRIC  STRENGTH  OP  VARNISHBD  CAMBRIC  WITH 

VARIATION  IN  ELECTRODE  AREA.     ALL  TESTS  IN  AIR. 


Site  of  electrodes 

Volts  per  mil 

Average 

at  puncture 

Diameter 
inches 

Area 
sq.  in. 

No.  of 
punctures 

thickness, 
mils. 

Max. 

Min. 

Avg. 

Needles 



12 

12.6 

960 

606 

720 

0.0166  (1/64) 

0.0002 

13 

12.4 

1196 

1000 

1136 

0.0312  (1/32) 

0.0008 

18 

12.7 

1430 

1260 

1370 

0.0626  (1/16) 

0.0030 

16 

12.9 

1466 

1330 

1390 

0.126     (1/8) 

0.012 t 

16 

12.9 

1395 

1180 

1306 

0.1876  (3/16) 

0.0276 

14 

12.4 

1330 

1136 

1236 

0.26       (1/4) 

0.0490 

21 

13.4 

1320 

905 

1196 

0.344     (11/32) 

0.0028 

10 

13.1 

1185 

1020 

1136 

0.438     (7/16) 

0.150 

14 

13.1 

1226 

1000 

1116 

0.5         (1/2) 

0.196 

16 

13.1 

1240 

980 

1150 

0.786 

16 

12.9 

1226 

910 

1030 

3.14 

10 

13.4 

1030 

890 

970 

7.07 

10 

12.8 

1006 

666 

870 

12.6 

10 

11.9 

960 

615 

790 

28.8 

10 

12.3 

860 

690 

756 

50.3 

10 

12.8 

876 

686 

755 

10 

78.6 

10 

12.8 

916 

660 

680 

12 

113 

10 

13.0 

745 

660 

666 

15 

177 

10 

12.4 

686 

630 

626 

Notb: — Fresh  material  used  in  each  test. 


The  Upper  curve  in  Fig.  1  is  the  first  part  of  the  lower  curve 
plotted  on  a  larger  scale.  This  shows  that  a  maximum  value 
is  obtained  with  electrodes  about  1/16  in.  (1.5  mm.)  diameter, 
lower  values  being  obtained  with  smaller  electrodes  as  well  as 
with  larger  electrodes.  The  results  with  needles  (No.  5,  Sharp) 
are  about  the  same  as  those  obtained  with  the  very  large  elec- 
trodes. 

Table  II  and  Fig.  2  show  the  results  of  similar  tests  on  sheet 
hard  rubber  of  7-,  9-,  and  12-in.  (17.7-,  22.8-  and  30.4-cm.) 
nominal  thickness  respectively.  These  tests  were  not  as  ex- 
tensive as  those  made  on  the  cloth  but  the  curves  have  the  same 
general  shape  although  the  effect  of  increasing  the  size  of  the 
electrodes  is  much  less  marked. 
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TABLB  II. 

VARIATION  IN  DIELECTRIC  STRENGTH  OP  SHEET  HARD  RUBBER  WITH 

VARIATION  IN  ELECTRODE  AREA.     ALL  TESTS  IN  AIR. 


Sise  of  electrodes 


Diameter 
inches 


Area 
aq.  in. 


I 

I 

I    Average 
No.  of     I  thickness, 
punctures         mils 


Volts  per  mil 
at  puncture 


Max.         Min. 


Avg. 


Needles 
0.0166  (1/64) 
0.0312  (1/32) 
0.0625  (1/16) 
0.126     (1/8) 
0.1876  (3/16) 
0.26       (1/4) 
0.344     (11/32) 
0.6         (1/2) 
1 
2 
3 
4 
6 
10 


(«) 


0.0002 

0.0008 

0.0030 

0.0123 

0.0276 

0.0490 

0.0028 

0.196 

0.786 

8.14 

7.07 

12.6 

28.3 

78.6 


Nominal 
11 
13 
10 
13 
16 
14 
16 
24 
16 
9 
11 
10 
8 
10 
10 


T\hickn€ss, 

I  8.9 
8.8 
8.8 
9.0 
8.9 
8.9 
8.8 
9.0 
8.8 
8.8 
8.8 
8.8 
8.8 
8.8 


mils. 
1970 
2136 
2096 
2100 
2106 
2110 
2130 
2066 
1946 
2046 
1820 
1716 
1670 
1300 
1876 


1276 
1746 
1710 
1600 
1076 
1366 
1610 
1410 
1610 
1670 
1600 
1330 
1246 
886 
660 


{b)  Nominal  TkUkness,   7  milu 


0.0626  (1/16) 

0.0030 

0.6 

(1/2) 

0.196 

1 

0.786 

2 

3.14 

4 

12.6 

6 

28.3 

0.0626 

(1/16) 

0.0030 

0.6 

(1/2) 

0.196 

1 

0.785 

2 

3.14 

4 

12.6 

6 

28.8 

10 

7.3 

2000 

1730 

10 

7.8 

1965 

1770 

10 

7.6 

1765 

1630 

10 

7.6 

1725 

1600 

10 

7.6 

1600 

1375 

10 

7.2  . 

1180 

875 

(c)  Nominal  Tkickniss,  12  mils. 


10 

12.3 

1645 

1400 

10 

11.7 

1620 

1185 

10 

11.7 

1600 

1225 

10 

12.3 

1366 

1230 

10 

12.8 

1380 

1200 

10 

11.7 

1165 

956 

1706 
1960 
1970 
1865 
1790 
1865 
1900 
1796 
1800 
1860 
1720 
1530 
1410 
1180 
1056 


1865 
1826 
1700 
1630 
1616 
1060 


1606 
1460 
1425 
1300 
1285 
1015 


Note: — Fresh  material  used  in  each  test. 


The  usual  explanation  for  the  lower  dielectric  strength 
obtained  with  the  large  electrodes  is  that  more  "  weak  spots  " 
are  included  as  the  area  is  increased,  thus  decreasing  the  average 
puncture  voltage.  This  explanation  would,  at  ISrst  glance,  seem 
to  be  entirely  reasonable  for  it  is  well  known  that  in  most  in- 
sulating cloths  the  insulating  material  does  not  penetrate  the 
threads  deeply  but  merely  forms  a  film  on  the  surface  of  the 
cloth  and,  as  the  threads  vary  in  thickness,  the  dielectric  strength 
of  the  points  where  the  threads  cross  each  other  will  depend  upon 
the  thickness  of  the  threads.     Where  the  threads  are  thick,  the 
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insulating  material  will  be  thin,  and  vice-versa.  Similarly, 
minute  variations  in  the  composition  of  hard  rubber  might  be 
expected  to  make  "weak  spots"  when  the  material  is  in  very  thin 
sheets.  It  would  seem  therefore  that  the  greater  the  electrode 
area,  the  greater  will  be  the  variation  in  the  weak  spots  included, 
until  an  area  is  reached  such  that  the  weakest  spot  is  always 
included.  Beyond  this  point  the  breakdown  voltage  would 
therefore  remain  substantially  constant. 
On  the  other  hand,  as  the  electrode  area  is  decreased  below 
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Fig    2. — Effect  of  Elbctrodb  Area  on  Apparent  Dielectric 
Strength  of  Thin  Sheet  Hard  Rubber  when    Tested  in  Air. 


this  particular  value,  one  wotild  expect  that  occasionally  at 
least,  one  of  the  weakest  spots  wotdd  be  included  under  a  given 
size  electrode.  An  examination  of  the  coltmm  of  minima  in 
the  tables  does  not  show  any  such  result.  The  figures  vary  in 
the  same  more  or  less  regular  manner  as  do  the  figures  for  the 
average.  Furthermore,  this  explanation  does  not  account  for 
the  results  obtained  with  very  small  electrodes  where  the  most 
marked  effect  is  found.  With  such  electrodes,  it  is  probable  that 
the  air  adjacent  to  the  points  is  broken  down  long  before  punc- 
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ture  occurs.  This  should  result  in  the  effective  area  being 
increased  so  that  when  puncture  occurs,  this  area  would  be 
practically  the  same  for  all  of  the  very  small  electrodes.  Con- 
sequently, according  to  the  weak  spot  theory,  no  material 
variation  in  the  dielectric  strength  should  result  with  electrodes 
less  than  about  J  in.  (6.3  mm.)  diameter. 

It  is  apparent  from  the  above  that  the  effect  of  variation  in 
electrode  area  is  not  wholly  due  to  variations  in  the  material. 
With  the  smaller  electrodes  at  least,  it  would  appear  to  be  due 
to  the  change  in  the  distribution  of  the  electrical  stress.  As 
the  distribution  of  the  stress  in  the  mediimi  surrounding  the 
electrode  terminals  would  be  affected  by  the  nature  of  that 
medium,  some  tests  were  made  in  moist  air  and  in  oil. 

Tests  on  Varnished  Cambric  in  Moist  Air 
The  first  tests  were  made  in  a  box  in  which  the  relative 
humidity  could  be  kept  at  practically  100  per  cent.     Consider- 
able diflficulty  was  experienced  in  getting  results  which  could 
be  duplicated.     The  following  data  are  fairly  representative: 

Diameter  of  electrodes,  Volts  per  mil 

inches  at  breakdown 

1/32  1000 

1/2  1010 

1  1000 

3  975 
Relative  humidity  98  per  cent.     Temperature  21  deg.  cent. 

These  figures  appeared  to  indicate  that  with  very  moist 
air,  the  effect  found  in  the  first  tests  does  not  occur.  This 
is  probably  due  however  to  the  presence  of  moisture  films  on 
the  surfaces  of  the  cloth  which  make  the  effective  area  the  same 
for  all  of  the  smaller  electrodes. 

Shortly  after  the  above  tests  were  made,  an  opportunity 
occurred  to  make  some  tests  under  practically  outdoor  condi- 
tions on  a  very  foggy  day  when  the  relative  humidity  averaged 
90  to  100  per  cent.     The  results  of  these  tests  are  as  follows: 

Diameter  of  electrodes  Volts  per  mil 

inches  at  breakdown 

1/32  1170 

3/8  1200 

1  1200 

3  1060 

6  950 

Relative  humidity  90-100  per  cent.  Temperature  10  deg.  cent, 
(approx.). 
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These  results  do  not  check  with  those  made  in  the  box, 
although  the  variation  is  much  less  than  in  Fig.  1,  especially 
with  the  smaller  electrodes.  The  lack  of  agreement  with  the 
box  test  may  have  been  due  to  the  fact  that  the  latter  tests 
were  made  in  a  draft  in  an  open  doorway  while  the  former  were 
made  in  a  box  in  which  the  air  was  perfectly  still  and  where  a 
film  of  moisture  cotild  probably  form  more  readily. 

Tests  on  Varnished  Cambric  under  Oil 
The  following  tests  were  made  on  two  kinds  of  insulating 
cloth  with  various  sizes  of  electrodes: 
(a)  In  air. 
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Fig.    3 — Varnished  Cambric Effect  of  Electrode  Area  on 

Apparent  Dielectric  Strength  in  Air  and  in  Oil. 


(J)  Under   moisture-laden   oil    having    a   breakdown    value 
between  i-in.  (12.7-mm.)  spheres,  150  mils  apart,  of  7000  volts. 
This  test  was  made  on  only  one  kind  of  cloth. 

(c)  Under  untreated  oil  having  a  breakdown  value  of  28,000 
volts  in  one  case  and  20,000  volts  in  the  other. 

The  restdts  of  these  tests  are  shown  in  Figs.  3  and  4.  It 
will  be  noted  that,  as  found  iri  the  previous  tests,  the  dielectric 
strength  increases  when  the  electrode  diameter  is  decreased 
and  that  it  is  uniformly  greater  when  the  cloth  is  surrounded 
with  oil  than  when  surrounded  with  air.  It  is  also  to  be  noted 
that  with  very  small  electrodes  the  effect  of  variation  in  the 
diameter  is  apparently  somewhat  greater  with  oil  than  with  air. 
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Ptirther  tests  were  then  made  with  oil  and  with  air  as  the 
dielectric  to  determine  whether  they  wotdd  show  the  same 
characteristic  curve  as  the  solid  dielectrics.  Since  it  was  a 
relatively  easy  matter  to  change  the  thickness  of  the  "  dielectric  " 
in  these  tests,  curves  were  taken  with  various  spacings  of  the 
electrodes. 

Tests  with  Oil  as  the  Dielectric 

The  oil  used  in  these  tests  was  a  **  water- white  "  oil,  taken 

directly  from  the  barrel  and  strained  through  a  double  layer 

of  fine  silk  cloth.     It  had  a  puncture  value  between  0.5-in. 

(32.7-mm.)    spheres   spaced    150   mils   apart   of  35,000   volts. 
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Fig.    4 — Black  Varnished  Cloth — Effect  of  Electrode  Area  on 
Apparent  Dielectric  Strength  in  Air  and  in  Oil. 


Tests  were  made  with  1/64-,  3/32-,  |-,  1-,  3-,  and  6-in.  (0.3-, 
2.3-,  9.5-mm.  and  2.5-,  7.6-,  15.2-cm.)  electrodes  and  with 
spacings  of  10,  20,  40,  70,100,  200,  400,  and  750  mils. 

The  results  are  shown  in  Fig.  5,  from  which  the  following 
deductions  can  be  made: 

(a)  The  dielectric  strength  increases  as  the  diameter  of  the 
electrodes  is  decreased,  when  a  thin  layer  of  the  dielectric  is  used, 
as  strikingly  shown  by  the  heavy  solid  curve  which  is  for  10-mil 
spacing.  This  confirms  the  general  result  shown  in  Pig.  1. 
The  effect  is,  however,  much  more  marked  and  it  is  largely  con- 
fined to  the  electrodes  less  than  0.5  in.  (12.7  mm.)  diameter. 

(b)  The  effect  of  change  in  electrode  diameter  decreases  as 
the  electrodes  are  separated,  the  dielectric  strength  with  the 


t^oogle 


2106 


FARMER:  INSULATING  MATERIALS 


[Dec.  12 


smaller  electrodes  becoming  smaller  and  that  with  the  larger 
electrodes  becoming  greater.  The  effect  practically  disappears 
at  a  separation  of  400  mils,  where  the  dielectric  strength  is  about 
100  to  150  volts  per  mil  irrespective  of  the  size  of  the  electrodes, 
(c)  It  is  generally  known  that  the  dielectric  strength  of  a 
material  is  not  proportional  to  the  thickness,  and  that  with 
thin  layers  especially,  the  strength  increases  rapidly  as  the 
thickness  is  decreased.  Fig.  5  shows  that  with  1/64-in.  (0.3-mm.) 
electrodes,  the  dielectric  strength  varies  from  about  90  volts 
per  mil  with  a  spacing  or  thickness  of  dielectric  of  750  mils  to 
about  900  volts  per  mil  with  a  spacing  of  10  mils.     But  as  the 
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diameter  of  electrodes-inches 

Pig.    5 — Effect   of   Electrode   Area   on   Apparent   Dielectric 
Strength  of  Oils  with  Various  Gaps. 


electrode  diameters  are  increased,  the  dielectric  strength  be- 
comes more  independent  of  the  thickness.  At  6  in.  (15.2  cm.) 
diameter,  the  dielectric  strength  is  practically  the  same  for  all 
thicknesses  from  10  mils  to  750  mils. 

Tests  with  Air  as  the  Dielectric 
These  tests  were  made  under  ordinary  atmospheric  conditions 
and,  as  only  approximate  relative  data  were  wanted,  no  special 
precautions  were  taken.  The  electrodes  were  simply  cleaned 
by  wiping  with  cloth  or  filter  paper  and  no  attempt  was  made 
to  have  them  chemically  clean. 

The  results  are  indicated  in  Fig.  6,  in  which  the  following 
will  be  noted: 
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(a)  As  in  all  previous  tests,  the  electrode  area  has  a  marked 
influence  when  the  dielectric  is  thin. 

(b)  There  appears  to  be  a  certain  thickness  of  air  (about 
100  mils)  where  the  electrode  diameter  has  no  effect.  With 
smaller  separations,  the  dielectric  strength  increases  as  the  elec- 
trodes become  smaller,  and  with  greater  separations  the  die- 
lectric strength  decreases. 
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Pig.    6 — Effect   of  Blectrodb   Area   on   Apparent   Dielectric 
Strength  of  Air  with  Various  Gaps. 


(c)  The  dielectric  strength  is  higher  for  thin  layers  than  for 
thick  ones,  a  characteristic  which  has  been  found  by  many 
experimenters.  Unlike  oil,  however,  the  dielectric  strength 
varies  inversely  with  the  separation  for  all  sizes  of  electrodes, 
but  the  variation  is  much  greater  for  the  small  electrodes. 


Additional  Tests  with  Solid  Dielectric 
The  results  of  the  tests  in  oil  and  air  having  indicated  that, 
in  those  cases,  the  effect  of  variation  in  electrode  diameter 
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occurs  only  with  very  thin  layers,  a  few  additional  tests  were 
made  on  hard  rubber  of  various  thicknesses.     These  tests  were 
made  in  oil. 
Not  enough  time  or  material  was  available  to  make  these 
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tests  as  complete  as  would  be  desirable,  but  the  results,  as 
shown  in  Fig.  7,  appear  to  confirm,  in  a  less  marked  degree, 
those  fotmd  for  oil  and  air.  That  is,  this  variation  with  elec- 
trode area  is  found  only  with  thin  dielectrics. 

.,y,uzed  by  Google 


1913)  FARMER:  INSULATING  MATERIALS  2109 

Fig.  8  shows  the  results  for  thin  sheets  of  cambric,  hard  rubber, 
oil  and  air,  respectively,  plotted  on  an  electrode  area  basis  in- 
stead of  a  diameter  basis. 


Conclusions 

In  work  of  this  kind,  so  many  variables  enter  that  a  high 
degree  of  reliability  can  not  be  expected.  Although  the  results 
given  are  averages  of  a  great  many  determinations,  it  is  felt 
that  considerable  allowance  must  be  made  in  drawing  final 
conclusions.  Furthermore,  a  great  deal  more  work  is  necessary, 
such  as  an  investigation  of  other  classes  of  insulators,  effect 
with  electrodes  of  various  forms,  effect  of  other  surrounding 
media  including  solids,  et  cetera.  However,  so  far  as  the  orig- 
inal purpose  of  these  tests  is  concerned,  viz.,  the  effect  of  the 
variation  of  the  electrode  area  on  the  apparent  dielectric 
strength  of  thin  insulations,  the  following  conclusions  may  be 
drawn  from  the  results: 

1.  The  apparent  dielectric  strength  of  insulating  materials 
in  thin  sheet  form  is  materially  higher  with  small  electrodes 
than  with  large  ones.  This  probably  applies  generally  to  all 
dielectrics,  gaseous,  liquid  and  solid,  although  the  magnitude  and 
the  law  of  the  variation  differs  widely  with  different  materials. 
The  vafiation  with  ordinary  sheet  insulating  materials,  such  as 
paper  and  cloth,  may  be  40  or  50  per  cent  between  1/64  in.  and 
8  or  10  in.  (0.3  mm.  and  20.3  or  25.4  cm.)  diameter,  while 
with  oil,  under  the  same  conditions,  the  variation  is  over  one 
thousand  per  cent. 

2.  The  prevalent  opinion  is  that  the  electrostatic  stress  is 
concentrated  when  the  dielectric  is  between  sharp  points  and 
that  failure  will  occur  at  a  low  value.  This  appears  to  be  the 
case  when  the  points  are  very  sharp,  such  as  needle  points, 
but  as  soon  as  they  have  an  appreciable  area,  the  puncture 
value  is  much  higher  than  with  large  electrodes. 

3.  The  apparent  dielectric  strength  of  thin  layers  of  solid 
dielectrics  may  vary  markedly  with  the  nature  of  the  surrounding 
medium,  being  in  general,  apparently,  higher  in  oil  than  in  air. 

4.  These  tests  emphasize  a  need  which  has  been  frequently 
pointed  out  in  the  Proceedings  of  the  Institute,  viz.,  standard 
specifications  for  the  testing  of  insulating  materials,  especially 
when  in  the  form  of  thin  sheets.     It  does  not  seem  probable 
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that  the  dielectric  strength  of  an  insulating  material  under  all 
working  conditions  can  ever  be  predicted  with  exactness,  but 
at  least  we  can  have  standard  methods  of  rating  such  materials 
so  that  a  value  for  the  dielectric  strength  will  have  the  same 
significance  to  the  manufacturer,  the  purchaser  and  the  design- 
ing engineer. 
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Discussion  on  **  The  Dielectric  Strength  of  Thin  In- 
sulating Materials  "  (Farmer),  New  York,  December 
12.  1913. 
F.  W.  Peek,  Jr.:  Three  types  of  insiilation  are  in  general 
use — ^gaseous,  liquid  and  solid.  The  mechanism  of  break- 
down differs  in  many  respects  in  the  three  types.  Any  in- 
sulation, under  given  conditions,  ruptures  at  a  given  point 
when  the  dielectric  flux  density  at  that  point  exceeds  some 
definite  value.  The  total  dielectric  flux  depends  upon  the  ca- 
pacity and  the  electromotive  force ;  that  is,  upon  the  size  and  spa- 
cing of  conductors  and  the  voltage  between  them.  The  flux 
density  at  various  points  will  also  be  different,  depending  upon 
the  configuration  of  electrode.  The  flux  density  at  any  point 
is  proportional  to  the  gradient  at  that  point.  The  strength 
of  insulation,  therefore,  may  also  be  expressed  in  terms  of  the 
gradient  measured  at  the  point  where  rupture  occurs.  The  volt- 
age required  to  rupture  insulation,  divided  by  its  thickness, 
is  not  a  measure  of  the  insulation  strength.  It  is  the  average 
gradient.  The  maximum  gradient  where  rupture  starts  is 
much  higher.  For  instance,  take  two  pairs  of  spheres,  one 
pair  a  half-centimeter  in  diameter,  spaced  one  cm.  apart,  and 
the  other  pair  two  cm.  in  diameter,  spaced  one  cm.  apart.  Apply 
a  voltage  of  100  kv.  across  pair  No.  1.  The  gradient  is  maxi- 
mum at  the  surface  and  is  by  calculation  -j-  =  270  — • .       The 

ax  cm. 

average  gradient  —  = -= '-.     One  pair    No.    2,    100  kilo- 

X         i   cm. 

volts  gives 

ax  cm.      X  cm. 

Thus  for  the  same  voltage  and  spacing  the  actual  stress  is 
quite  different,  depending  upon  the  curvature. 

If  20-cm.   spheres  are  taken,  under  the  above   conditions 

^  =  103  and  —  =  100.  Thus  with  large  radius  the  av- 
erage gradients  and  -z--    are     approximately     equal.      This     is 

the  reason  that  in  any  investigation  (other  than  commercial 
testing)  made  to  determine  the  strength  of  insulation,  some 
electrode  is  taken  in  which  the  dielectric  flux  density  and  grad- 
ient at  various  points  can  be  calculated — that  is,  spheres,  paral- 
lel wires,  or  a  wire  in  a  cylinder.  These  may  be  arranged  so 
that  the  break  is  local,  as  corona  in  air  on  two  parallel  wires 
at  large  spacings.  The  break  starts  at  the  surface  because  the 
flux^density  is  a  maximum  there.  The  conducting  corona  ex- 
tends out  approximately  to  a  point  where  the  flux  density  is 
below  the  breakdown  density.     Only  when  the  surfaces  are  close      ^ 
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together  does  a  complete  spark-over  take  place  before  corona 
forms. 

Let  us  now  consider  briefly  the  mechanism  of  breakdown  of 
three  types  of  insulation. 

Air.  Air  has  a  greater  apparent  strength  around  small  con- 
ductors than  large  ones,  as  for  instance,  sphere  or  wires.  The 
explanation  apparently  is  that  air  has  a  constant  strength  of 

kv 
30  — -;  ruptiu-e,  however,  does  not  occur  when  this  gradient 
cm. 

is  reached  at  the  conductor  surface,  but  only  when  this  gradient 
is  teached  at  a  finite  distance  from  the  conductor  and  when 
the  gradient  at  the  surface  is  therefore  higher.  Energy  is 
necessary  to  rupture  insulation.  The  rupttuing  energy  is  stored 
in  this  space  between  the  conductor  stirf ace  where  the  gradient 
is  high  and  a  finite  distance  away  where  the  gradient  is  30  kv./cm. 
This  distance  may  be  called  the  energy  storage  distance,  or  it 
may  be  considered  as  the  distance  required  to  reach  ionic  sat- 
uration by  successive  collisions  between  the  conductor  surface 

kv 
and  where  the  gradient  is  30  — '- ,  the  **  accelerating  distance." 

cm. 

This  distance  is  0.301  Vr  cm.  for  wires,  and  0.27  y/R  cm. 
for  spheres.  If  the  conductors  are  placed  closer  together  than 
the  free  energy  storage  or  accelerating  distance  the  apparent 
strength  increases  in  order  that  sufficient  energy  may  be  stored 
in  the  limited  space.^  Although  the  real  strength  of  air,  or  the 
gradient  required  to  bring  the  ions  up  to  stifficient  velocity  to 
produce  other  ions  by  coUision,  is  30  kv.  per  cm.  between  paral- 
lel planes,  with  limited  energy  distance,  that  is,  thin  films, 

kv 
gradients  as  high  as  260  — '-   are   required   to    cause    rupture. 

cm. 

There  is  very  little  loss  in  air  until  after  rupture,  as  brush  dis- 
charge or  corona,  occurs.  For  this  reason  air  may  be  stressed 
to  within  a  few  per  cent  of  breakdown  voltage  without  loss  and 
consequent  heating  and  weakening.  Air  is  uniform  and  homo- 
geneous and  therefore  free  from  '*  weak  spots."  The  curves 
given  in  Fig.  6  of  Mr.  Farmer's  paper  are,  on  account  of  the 
characteristics  stated  above,  exactly  what  would  be  expected. 
The  ordinate  does  not  represent  the  dielectric  strength,  but 

— ,  the   average  gradient  of  rupture.     The  dielectric  strength 

X 

would  be  represented  by  j--    Take   for  example  the  curve  at 

1.  This  is  fully  discussed  in  the  following  papers  by  P.  W.  Peek,  Jr.: 
The  Law  of  Corona  and  the  Dielectric  Strength  of  Air-I,  Trans.  A.I«B.B. 
1911,  Vol.  XXX,  p.  1889:  The  Law  of  Corona-II,  Trans.  A.I.E.E.  1912 
Vol.  XXXI,  p.  1051;  The  Law  of  Corona-///,  Trans.  A.I.E.E.,  this  volume, 
and  *'  High- Voltage  Engineering,"  in  the  Journal  of  the  Pranklin  Institute, 
December,  1913,  (No.  1066)  page  611.  r^  T 
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210-mil  spacing.     Fig.  1  of  this  discussion  gives  curves  plotted 
from  data  taken  from  The  Law  of  Corona-IIIy  for  0.508-cm. 

(200-niil)  spacing  between  spheres.     Plotted  with  —  this  gives 

X 

a  curve  exactly  similar  to  Mr.  Farmer's  in  Fig.  6.     Plotted  with 
de 
dx 


-,  the  actual  gradient  at  the  surface  where  breakdown 


occurs,  the  curve  increases  with  decreasing  diameter  of  sphere, 
due  to  the  varying  energy  distance  with  varjdng  diameter  of 
sphere.    As  the  radius  of  the  spheres  increases,  the  average 

gradient  curve  —  and  the  surface  gradient  curve  ^—  come  to- 
gether, because  as  the  radius  becomes  large  compared  with  the 
spacing,  the  flux  becomes  more  nearly  tmiform. 
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Fig.  1— ^park-ovbr  of  Spheres  in  Air.     Spacing  «  5 .  08  cm.  (200  mils.) 


Oil,  The  mechanism  of  breakdown  of  pure  oil  is  very  similar 
to  that  of  air  and  follows  the  same  laws.*  The  constants  are, 
however,  different.  The  energy  distance  and  therefore  the 
apparent  strength  is  much  higher.  With  limited  energy  dis- 
tance, strengths  as  high  as  a  million  volts  per  cm.  have  been 
reached  with  electrodes  which  gave  an  apparent  strength  of 

kv 
100  — '-  when  the  energy  distance  was  not  limited, 
cm. 

Solid  Insulalion.     Like  air  and  oil,  solid  instdations  require 

energy  to  cause  rupture  and  therefore  have  a  greater  apparent 

strength  for  small  conductors  and  for  small  spacings  or  thin 

films.     If  the  cur\'es  in  Fig.  1  in  Mr.  Farmer*s  paper  were  plotted 

dc  6 

with  the  true  gradient  -j--  where    rupture  starts,  and  not  — , 


2.  "  High- Voltage  Engineering,"  Franklin   Institute  Journal,  loc.  cit. 

Digitized  by  VjOOQIC 


2114 


INSULATING  MATERIALS 


[Dec.  12 


the  gradient  wotdd  increase  with  decreasing  electrode  and  not 
show  the  maximum  hump.  The  curve  as  plotted  does  not 
express  the  dielectric  strength.     If  this  curve  were  taken  at  a 

larger  spacing  and  plotted  with  —  the  hump  would  occur  at  a 

larger  size  of  electrode.  There  are  conditions  where  the  hump, 
'due  to  varying  energy  distance  with  radius,  might  actually 
occur  when  plotted  with  the  actual  gradient.  This  curve  is 
also  affected  by  the  **  weak  spots  ",  otherwise  the  curve  would 
be  parallel  to  the  axis  when  the  "  flat  disks  "  are  used.  These 
disks  have  about  equal  curvature  on  the  edge,  and  thus  equal 

effect  due  to  flux  concentration.  — may  then 

X 

be  used  for  comparing  strength.  This  part 
of  the  curve  practically  follows  the  proba- 
bility curve. 

For  example,  suppose  Fig.  2  herewith, 
represents  a  piece  of  solid  instdation  one  mil 
thick  and  sufficiently  large  to  cover  every  con' 
dition  of  "  weak  spot  ".  Divide  this  into  six 
equal  squares,  each  of  area  a.  The  strength 
is  marked  on  the  various  areas.  Assume 
that  an  electrode  giving  no  edge  effect  is 
used.  With  electrode  of  area  a,  six  tests  are 
required  to  go  over  the  whole  piece.  With  electrodes  of  area 
2a  three  tests  are  required,  with  area  3a  two  tests,  and  with 
area  6a  only  one  test.     The  following  results  may  be  obtained: 


10 

15 

Id 

20 

to 

12 

Fig.  2 


1       i 

Area  of         No.  of     1  Total  area 
electrode     punctures      covered 

Volts  per  mU 

max. 

min. 

average  ' 

a                   6                 6a 
2a                   3                 6a 
3a                   2         1         6a 
6a                    1                  6a 

1 

20 
18 
12 
10 

10 
10 
10 
10 

14 
13 
11 
10 

The  results  are  somewhat  similar  to  the  lower  points  of  the 
curve  in  Mr.  Farmer's  paper.  By  the  method  described  in 
the  paper,  however,  the  same  number  of  punctures  is  taken  for 
each  size  of  electrode.  Thus  for  the  large  electrodes  much 
more  insulation  is  tested  than  for  the  small  electrodes,  and 
the  minimum  should  therefore  be  much  lower  for  the  large 
electrodes.  In  the  example  I  have  given,  the  number  of  tests 
is  taken  so  that  the  total  area  covered  is  the  same  for  all  elec- 
trodes. Thus  where  edge  effect  exists  it  would  be  more  rational 
to  make  the  circumference  covered  equal. 

With  laminated  insulation,  as  in  cables,  this  effect  of  weak 
spots  should  not  be  so  great,  as  they  are  not  likely  to  line  up 
in^the  separate  layers. 
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The  curves  obtained  are  therefore  probability  ciirves  modi- 
fied by  flux  distribution  (because  they  are  not  plotted  in  terms 
of  maximum  flux  density),  and  energy  distance. 

While  loss  in  air  and  pure  oil  is  a  phenomenon  after  break- 
down occurs,  in  solid  insulation  loss  occurs  as  soon  as  voltage 
is  applied.  This  heats  the  insulation  and  weakens  it.  It  is 
for  this  reason  generally  impossible  to  hold  more  than  25  per 
cent  of  the  **  instantaneous "  puncture  voltage  indefinitely. 
For  instance,  on  a  given  insulation,  if  the  voltage  is  brought 
up  rapidly  or  "  instantaneously  *'  100  kv.  may  be  required  to 
cause  rupture;  75  kv.  may  be  applied  for  one  minute  before 
rupture  occtu^;  50  kv.  may  be  applied  for  four  minutes,  and 
30  kv.  indefinitely.  Very  high  voltages  of  steep  wave  front, 
or  of  exceedingly  short  duration,  may  be  applied  without  ap- 
parent effect,  but  which,  upon  a  number  of  applications,  cause 
puncture. 

The  mechanism  of  breakdown  in  solid  insulation  is  quite 
complicated  and  greatly  affected  by  occluded  air  and  moisture. 
If  a  local  breakdown  occurs,  local  charring  takes  place.  This 
concentrates  the  flux  and  the  break  is  extended  by  steps  in- 
definitely. Breakdown  often  occurs  in  this  way  by  a  concen- 
tration of  the  flux,  independent  of  true  dielectric  strength,  as 
the  result  of  moisture,  which  places  extra  stress  at  local  points. 

Although  with  flat  plates  the  exact  gradient  cannot  be  cal- 
culated, they  are  sufficient  for  most  practical  purposes  in  com- 
mercial test.  The  radius  of  the  plate  and  also  of  the  edge  should 
be  specified.  The  test  should  also,  probably,  be  made  tmder  oil. 
The  method  of  applying  voltage  should  be  specified,  as  well  as 
material  and  weight  of  disk,  and  method  of  drying  material,  etc. 
A  great  deal  depends  upon  radiation  and  heat  conduction. 
After  all,  the  "  instantaneous  "  breakdown  tests,  just  discussed, 
are  of  little  commerical  use  imless  an  endurance  test  is  added — 
that  is,  as  is  generally  done,  by  starting  at  a  given  percentage 
of  the  instantaneous  voltage  and  increasing  by  a  given  per- 
centage at  given  time  intervals  until  ptmcture  occurs.  We  will 
be  greatly  helped  in  commercial  testing  when  means  of  measur- 
ing small  energy  losses  are  simplified  and  perfected.  In  this 
way  the  presence  of  moisttu-e  is  quickly  shown. 

Phillips  Thomas:  Mr.  Farmer's  paper  brings  out  many 
points  and  adds  one  more  link  to  the  chain  of  evidence,  showing 
the  necessity,  when  giving  figures  for  dielectric  strength,  of  in- 
cluding pretty  exact  information  on  the  method  used  in  making 
the  tests. 

The  restdts  at  which  he  has  arrived  agree  in  general  with 
those  found  by  the  writer  and  by  others  for  electrode  diameters 
up  to  Jin.  (12.7  nmi.). 

As  stated  in  this  paper,  the  law  of  probability  does  not  seem 
to  apply  below  J  in.  (6. 35  mm.)  diameter  of  electrodes,  and  from 
the  nature  of  the  material  tested  it  seems  certain  that  the 
limiting  size  of  electrode  which  wotdd  always  cover  the  weakest 
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spot  will  occur  long  before  15  in.  (38  cm.)  is  reached.  Since 
the  charging  current  through  the  dielectric  at  a  given  voltage 
varies  inversely  as  the  dielectric  thickness  and  varies  directly 
as  the  electrode  area,  any  distortion  due  to  this  current  will 
react  directly  on  the  values  found. 

In  testing  various  sizes  of  condensers  for  breakdown  strength, 
we  use  an  outfit  very  similar  to  that  described  in  this  paper 
and  have  found  it  necessary  to  parallel  the  tested  condenser 
with  one  of  much  larger  capacity  so  that  the  distortion  and 
regulation  at  a  given  voltage  will  not  depend  upon  the  capacity 
of  the  piece  being  tested.  We  have  been  forced  also  to  measure 
the  breakdown  voltage  directly  at  the  electrodes,  in  order  to 
reach  comparative  results. 

The  paper  states  that  the  voltage  reading  was  checked  at 
intervals  by  connecting  an  electrostatic  voltmeter  directly 
across  the  high-tension  terminals.  Such  a  check  will  detect  any 
capacity  regulation  if  made  while  the  test  piece  is  connected, 
but  will  not  give  any  information  as  to  distortion.  This  dis- 
tortion and  regtilation  will  be  diflEerent  for  each  area  and  thick- 
ness tested  and  is  certain  to  give  misleading  results,  unless 
either  its  presence  or  its  effect  is  eliminated  in  some  way. 

R.  P.  Jackson:  This  paper  by  Mr.  Parmer  gives  some  data 
that  are  in  a  way  quite  surprising  and  show  strongly  the  import- 
ance of  having  standardized  methods  of  testing  insulation  ma- 
terials. 

In  general,  it  is  my  opinion  that  the  lower  valued  restdts  ob- 
tained by  Mr.  Farmer  come  nearer  the  truth  in  the  form  in 
which  it  is  desirable  to  know  it,  for  the  reason  that  the  large  area 
electrodes  more  nearly  duplicate  the  conditions  under  which 
insulation  operates  and  is  subject  to  stress.  For  that  reason 
the  lower  valued  results  obtained  with  the  large  area  disks  ap- 
parently give  a  better  guide  for  the  use  of  the  material,  and  at 
least  as  good  a  guide  as  to  the  quality  of  various  grades  of  similar 
material. 

Different  explanations  can  be  ofiEered  as  to  why  the  results 
vary  so.  much  with  the  different  sizes  of  electrodes,  and  the  time 
not  being  sufficient  to  duplicate  any  of  the  tests,  one  cannot  more 
than  conjecture  as  to  the  actual  cause  of  the  variation.  Varying 
sizes  of  electrodes  with  very  thin  insulation  will,  of  course,  vary 
the  static  capacity  of  the  test,  and  if  the  supply  transformer  is 
small,  may  cause  a  rise  of  voltage  at  least  when  the  supplied 
voltage  is  near  its  maximiun  value  and  the  insulation  imder  great- 
est stress.  The  condition  of  capacity  and  corona  or  static  fringe 
around  the  electrodes  is  liable  to  cause  surges  and  oscillations 
which  would  tend  to  produce  pimcture  at  lower  apparent  values. 
Thin  air  pockets  between  the  electrodes  and  the  insulating 
material  also  become  sources  of  corona  and  therefore  heat 
which  might  vary  with  the  size  of  electrodes,  especially  if  the 
insulating  material  and  the  electrodes  were  not  exact  plane 
surfaces  and  suflScient  pressure  were  not  brought  to  bear  to  bring 
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the  two  surfaces  into  contact.  Another  source  of  variation  has 
been  betrayed  by  similar  tests  in  which  thin  material  failed  when 
the  electrodes  were  of  tinfoil  of  considerable  area,  and  failed  at  a 
much  lower  value  than  when  the  electrodes  were  of  small  area 
and  of  brass  pieces  of  considerable  mass.  Such  tests,  however, 
were  of  some  little  duration  and  the  difference  in  such  a  case  was 
probably  due  to  the  fact  that  with  the  tinfoil  the  heat  from 
insulation  losses  was  not  absorbed  and  the  temperatiu-e  of  the 
insulation  rose  with  corresponding  increase  of  loss  until  failure 
occurred.  In  the  case  where  the  massive  brass  electrodes  of  small 
area  were  used  on  the  same  instilation,  the  mass  of  the  brass  and 
its  radiation  surface  were  sufficient  to  absorb  the  watt  loss  in  the 
insulation  and  kept  the  temperature  moderate  and  prevented 
the  insulation  reaching  the  unstable  condition  where  the  watt  loss 
increased  the  temperature,  and  the  rising  temperature  increased 
the  watt  loss  indefinitely  to  failure  without  increase  of  voltage. 

It  is  the  writer^s  experience  that  instantaneous  puncture 
voltage  tests  or  tests  of  very  short  dtffation  are  of  rather  limited 
value  in  furnishing  data  for  judging  the  use  to  which  the  insula- 
tion can  be  put,  and  only  a  test  lasting  long  enough  to  give  the 
approximate  ultimate  breakdown  value  with  long  continued 
application  of  the  voltage  will  give  the  information  desired. 

C.  £.  Skinner:  As  I  began  insulation  work  rather  early  in  the 
art,  I  think  it  might  not  be  out  of  place  to  review  very  briefly 
some  of  the  steps  which  have  been  taken  in  that  work.  The 
regtilar  testing  of  dielectrics  and  the  dielectric  tests  of  apparatus 
began,  with  the  company  with  which  I  am  connected,  early  in  the 
year  1890.  At  that  time  we  had  little  or  no  information  to  guide 
us,  either  as  to  what  dielectric  stress  meant  or  anything  concerning 
the  effect  of  the  shape  of  terminals,  and  10,000  volts  was  an  almost 
unheard-of  voltage  to  work  with.  During  the  five  years  that 
followed,  the  dielectric  testing  of  materials  covered  practically 
every  known  material  and  many  that  probably  should  have  been 
imknown,  and  tests  of  many  things  that  proved  not  to  be  di- 
electrics. 

During  that  early  period  I  think  the  insulation  engineer  was 
one  of  the  most  didiked  and  maligned  individuals  in  the  whole 
engineering  profession.  The  designer  calculated  to  a  nicety  the 
copper  and  the  iron,  and  space  used  for  insulation  he  considered 
lost.  Furthermore,  the  more  insulation  put  on,  the  hotter  the 
machine  wotild  get,  because  the  instdating  material  was  also 
heat  insulating  material.  It  was,  therefore  a  constant  struggle 
between  the  insulation  man  and  those  responsible  for  the  rest  of 
the  design. 

In  spite  of  the  more  than  twenty  years  of  work  that  has  been 
regularly  done  since  dielectric  testing  came  into  vogue  as  a  regular 
test  in  practically  all  large  manufacturing  establishments,  the 
present  state  of  the  art  is  most  chaotic. 

I  hope  that  this  paper  will  ctdminate  in  a  better  set  of  testing 
specifications.    We  have  heard  in  the  last  two  days  in  our 
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committee  meetings  a  good  deal  about  cooperation.  The 
American  Society  for  Testing  Materials  has  a  committee  whose 
duty  it  is  supposed  to  be  to  formtdate  specifications  for  testing 
instdating  materials.  It  appears  to  me  that  it  is  more  the 
function  of  that  Society  to  formulate  a  detail  specification  as  to 
methods  of  testing  than  it  is  of  this  Institute,  but  that  Society 
cannot  do  this  work  without  the  co-operation  of  the  Institute 
and  it  is  probably  the  function  of  the  Institute  to  formtdate 
something  as  to  the  electrical  end  of  this  work,  I  hope  that  this 
can  be  done.  I  know  that  a  certain  amotmt  of  work  has  been 
done  in  trying  to  arrive  at  a  test  which  will  give  what  we  might 
call  the  endurance  of  insulation,  which  is  really  the  thing  that  we 
want  to  know  when  we  design  our  apparatus.  I  agree  with 
Mr.  Jackson  and  others  that  the  instantaneous  value  is  of  com- 
paratively little  worth  in  design  work.  I  learned  very  early  to 
use  a  very  large  factor  of  ignorance  in  appljring  the  results  of  my 
instantaneous  values,  because  I  found  for  example,  that  when 
thin  sheets  of  instdating  material  went  into  a  djmamo,  and  passed 
through  manufacturing  steps,  the  dynamo,  as  a  whole, 
would  have  nothing  to  compare  in  dielectric  strength  with  the 
values  per  mil  which  might  be  obtained  on  the  thin  sheets. 
There  are  many  reasons  for  this  lower  value  outside  of  the 
strength  of  the  material  itself;  the  workmen  in  the  shop  may  con- 
tribute something  to  lowering  the  dielectric  strength  of  the 
materials  given  them  to  put  on  the  machine. 

I  feel  that  the  conclusions  arrived  at  in  the  paper  might 
possibly  be  subject  to  some  modification  if  the  tests  were  made 
under  different  circumstances,  such  as  a  change  in  the  testing 
transformer,  a  change  in  the  method  of  applying  the  voltage,  a 
change  in  the  pressure,  etc. 

I  think  it  would  hardly  be  right  in  this  meeting  not  to  mention 
the  classical  work  on  dielectrics  done  by  Rajmer  in  the  National 
Physical  Laboratory.  That  work  followed  and  completed,  for 
thin  materials,  a  mere  start  which  was  made  a  ntunber  of  years 
ago  by  Mr.  Miles  Walker  and  myself,  and  published  in  the  Insti- 
tute Transactions*  for  the  year  1902.  Mr.  Rajmer  carried  it  to  a 
great  length,  and  by  measuring  the  dielectric  losses  was  able  to 
predict  when  his  instdating  material  was  going  to  breakdown. 

I  feel  that  the  future  work  along  this  line  will  have  more  to  do 
with  the  study  of  the  power  factor,  and  the  study  of  the  dielectric 
losses,  and  the  study  of  the  endurance  of  the  insidation  under 
continued  stress,  and  I  hope  that  before  another  year  the  Insti- 
tute may  be  able  to  adopt  the  electrical  end  of  a  scheme  for  the 
endurance  test,  and  possibly  for  the  loss  test  of  instdating 
materials.  I  think  this  paper  will  do  much  to  bring  to  us  the 
importance  of  a  standardization  of  methods,  and  in  such  stand- 
ardization we  must  necessarily  pay  attention  to  every  detail  in 
order  to  arrive  at  results  which  would  be  in  any  way  comparative 
when  made  in  different  laboratories  and  when  made  with 
different  materials   prepared   under  different  conditions. 

~    Vol.  XIX.  page  1047  ~  I 
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H.  W.  Fisher:  When  we  first  commenced  to  use  varnished 
cloth  as  an  instdation  for  cables,  it  was  necessary  to  design  an 
apparatus  by  means  of  which  we  could  determine  the  insula- 
tion resistance,  the  electrostatic  capacity,  power  factor  or  di- 
electric loss  and  dielectric  strength  of  different  kinds  of  cloth. 
In  order  to  accomplish  this,  the  following  apparatus  was  de- 
signed. 

Two  circular  disks  were  made  with  a  circular  groove  in  each, 
the  inside  diameter  of  this  groove  being  one  foot  (30.5  cm.). 
Into  these  grooves  were  fitted  high-grade  rubber  gaskets,  the 
ends  of  each  of  which  almost  came  together  at  the  top.  One 
disk  was  mounted  rigidly  in  a  vertical  position;  the  other  disk 
was  provided  with  insulators  and  on  an  auxiliary  frame  were 
four  horizontal  screws,  the  ends  of  which  were  inserted  into 
insulated  posts  on  diametrically  opposite  parts  of  the  movable 
disk.  By  means  of  these  screws  the  movable  disk  cotdd  be 
tightly  clamped  against  the  fixed  disk  so  that  the  rubber  gas- 
kets of  each  would  be  directly  opposite  each  other.  The 
varnished  cloth  to  be  tested  was  placed  between  the  disks, 
and  pressure  applied  so  as  to  make  a  tight  joint  between  the 
rubber  gaskets  and  the  varnished  cloth.  Attached  to  the 
stand  of  the  apparatus  was  an  iron  box  containing  mercury 
and  from  the  box  there  were  two  rubber  tubes  which  connected 
with  a  suitable  valve  at  the  bottom  of  each  disk.  By  opening 
the  valves  and  raising  the  mercury  box,  mercury  was  allowed 
to  flow  on  each  side  of  the  varnished  cloth  until  it  reached  the 
small  aperture  at  the  top  of  the  rubber  disks.  Then  the  valves 
were  closed,  the  mercury  box  was  lowered  to  its  normal  posi- 
tion on  the  base  of  the  apparatus  and  the  rubber  tube  attached 
to  the  insulated  disk  was  removed,  after  which  the  tests  men- 
tioned above  were  made,  ending  with  the  breakdown  voltage 
test. 

By  means  of  this  apparatus,  samples  of  varnished  cloth  of 
different  manufacture  were  tested  and  the  power  factors  were 
found  to  vary  approximately  from  four  or  five  per  cent  to  twenty 
per  cent.  By  making  various  tests  and  profiting  thereby,  the 
quality  of  the  varnished  cloth  was  very  much  improved. 

It  was  next  necessary  to  design  another  type  of  apparatus 
for  testing  cloth  in  strip  form,  the  way  it  occurs  mostly  in  the 
trade.  In  order  to  be  able  to  test  narrow  strips  without  flash- 
overs  around  the  edges  of  the  strips,  the  following  plan  was 
devised.  A  strip  of  brass  about  i  in.  (6.35  mm.)  wide  was 
placed  on  a  wooden  board  so  that  one  or  two  thicknesses  of 
varnished  cloth  could  be  put  tmdemeath  the  brass.  The  brass 
strip  formed  the  lower  electrode  of  the  apparatus.  The  upper 
electrode  consisted  of  a  copper  strip  about  J  In.  (3.2  mm.) 
wide,  moimted  on  insulated  arms  so  that  it  could  be  swung  to 
one  side  when  not  in  use.  The  general  plan  is  to  put  vaseline 
over  the  varnished  cloth  which  is  placed  imdemeath  the  lower 
electrode  so  that  the  narrow  strip  of  varnished  cloth  to  be  tested 
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can  be  placed  centrally  over  the  lower  electrode  and  parallri 
with  ft  and  the  edges  <rf  the  doth  pressed  firmly  into  the  coat- 
ing of  vaseline,  after  which  the  upper  electrode  is  turned  over 
so  as  to  drop  in  position  above  the  lower  electrode.  In  this 
way,  punctuiie  tests  of  varnished  cloth  can  be  made  without 
any  danger  of  flash-overs  around  the  edges  of  the  strip  <A  doth 
tested. 

In  the  testing  ci  doth  with  dectrodes  of  different  lengths 
or  diameters,  care  must  be  taken  to  proportion  the  numb^  of 
tests  made  to  the  areas  tested.  In  other  words,  if  a  test  is 
made  to  determine  the  relation  between  tests  with  disks  1  in. 
(25.4  mm.)  in  diameter  and  with  disks  20  in.  (508  mm)  in 
diameter,  400  tests  should  be  made  with  the  1-in.  diameter 
disk,  to  one  test  of  the  20-in.  disk,  and  the  minimum  of  the 
400  tests  taken  as  the  tests  which  ought  to  correspond  to  the 
one  test  on  the  20-in.  disk.  Bearing  this  in  mind,  we  made  a 
number  of  tests  which  do  not  show  at  all  the  difference  indicated 
by  Mr.  Farmer's  figures.  I  think  that  he  did  not  make  enough 
tests  of  the  larger  electrodes  to  get  a  fair  comparison.  In 
order  to  make  a  check  with  a  view  to  determining  if  the  above 
theory  was  not  correct,  we  took  a  roll  of  doth  and  made  forty 
tests  consisting  of  five  groups  of  eight,  with  electrodes  1  in. 
(25.4  mm.;  long,  and  then  got  the  average  of  the  minima  of 
these.  Next  we  took  the  average  of  ten  tests  made  with  dec- 
trodes 8  in.  (203  mm.j  long,  and  the  two  sets  of  measurements 
agreed  within  two  per  cent. 

For  the  same  reason  just  explained,  a  short  length  of  cable 
will  almost  always  withstand  a  higher  voltage  test  than  a  long 
length  of  the  same  cable. 

The  old  Underwriters'  rule  was  to  apply  a  test  of  3000  volts 
per  1/64  in.  (0.397  mm.)  of  insulation  on  a  one-foot  (30.5-cm.) 
sample.  Wire  insulated  with  almost  any  kind  of  rubber  would 
witl^tand  that  test  on  a  one-foot  sample,  whereas  a  coil  of  wire 
would  break  down  under  the  test  of  3000  volts  per  1/64  in. 

M.  E.  Tressler:  Last  January  when  making  some  very 
similar  tests  on  yellow  varnished  cloth  I  obtained  practically 
the  same  shaped  curves  as  Mr.  Farmer  has  with  various  sizes 
of  electrodes  from  1  mm.  to  100  mm.  in  diameter  with  ap- 
proximately square  edges. 

A  curve  showing  this  variation  in  disruptive  voltage  with 
diameter  of  electrode  for  10  layers  of  yellow  varnished  doth 
tested  tmder  oil  at  approximately  25  deg.  cent,  was  published 
last  winter*.  At  the  same  time  tests  were  made  on  various 
numbers  of  layers  from  1  to  20  and  with  dectrodes  whose 
edges  were  rounded  to  different  radii  from  0  to  10  mm. 

My  results  do  not  show  such  a  dedded  difference  between 

the  disruptive  voltages  with  small  and  large  electrodes  as  do 

Mr.   Farmer's.     The  maximum  disruptive  voltage   was    1100 

volts  per  mil  with  a  5-mm.  dectrode  and  810  volts  per  mil 

^th  the  100-mm.  electrode. 
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This  total  decrease  is  about  26  per  cent,  of  which  about 
20  per  cent  took  place  between  the  5-mm.  and  the  20-mm. 
electrodes,  indicating  that  tests  on  thin  instdating  materials 
could  be  made  with  any  convenient  size  of  electrodes  from 
25  to  100  mm.  in  diameter  and  practically  the  same  results 
would  be  obtained  with  a  given  material. 

With  greater  thicknesses  of  insulation  up  to  240  mils,  the 
variation  of  disruptive  voltage  with  the  size  of  terminal  de- 
creases, until  at  240  mils  there  is  no  difference  between  the  dis- 
ruptive voltage  with  6-mm.  and  100-mm.  electrodes.  How- 
ever, all  of  these  tests  were  made  by  increasing  the  voltage 
steadily  tmtil  breakdown  occurred,  i.e.,  the  voltage  was  on  from 
6  to  12  seconds  for  Mr.  Parmer's  tests  and  from  4  to  8  seconds 
for  mine.    This  is  not  a  sufficient  length  of  time  to  allow  the 
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instilation  to  be  affected  by  the  heat  from  the  energy  loss  due 
to  the  alternating  potential. 

It  would  be  a  much  better  indication  of  the  disruptive  volt- 
age of  an  insulation  under  working  conditions,  if  "  one-minute  " 
tests  were  made,  t.^.,  use  50  per  cent  of  the  "  instantaneous  " 
disruptive  voltage  as  a  start  for  the  "  one-minute  "  test  and 
increase  by  10  per  cent  steps  each  minute  thereafter  until 
breakdown  occtu^. 

In  general  the  "  one-minute  "  test  will  give  lower  disruptive 
voltage  than  the  instantaneous  test.  Sometimes  the  disrup- 
tive voltage  increases  with  increase  of  temperature  and  hence 
we  would  expect  that  the  "  one-minute  "  test  would  be  equal 
to  or  higher  than  the  "  instantaneous  "  test. 

If  we  use  the  "  one-minute  "  test  in  finding  the  effect  of 
terminals  of  different  sizes  we  will  see  there  is  much  less  dif- 
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ference  between  the  disruptive  voltage  with  1-mm.  terminals 
and  lOO-mm.  terminals  for  any  thickness  of  insulation. 

I  agree  with  Mr.  Farmer  that  we  are  very  much  in  need 
of  standard  specifications  for  the  testing  of  insulating  materials, 
and  would  recommend,  briefly,  the  following: 

1.  "  One-hour  "  tests  where  pjossible,  the  "  one-minute  " 
puncture  voltage  being  used  to  indicate  the  starting  voltage 
for  the  "  hour  "  test. 

2.  For  testing  solid  insulations:  flat  disk  electrodes  10  cm. 
in  diameter  with  practically  square  edges  and  insulated  on 
the  sides  to  prevent  corona  and  arcing. 

For  testing  liquid  insulations:  flat  disk  electrodes  25  mm. 
in  diameter  with  practically  square  edges  and  spaced  with  faces 
parallel  and  2.5  mm.  apart. 

3.  All  tests  of  solid  insulation  should  be  made  tmder  oil 
when  possible  and  with  a  pressure  of  100  g.  per  sq.  cm.  applied 
by  the  terminal  to  the  insulation. 

4.  Two  temperatures  of  test  should  be  considered  standard; 
one  at  25  deg.  cent,  and  the  other  at  the  highest  "  hot  spot  " 
temperature  allowed  on  the  given  insulation  to  be  tested. 

5.  The  insulation  for  test  should  be  2.5  mm.  thick  or  as 
near  thereto  as  possible. 

With  these  tests  complete  on  a  given  insulation  we  would 
be  able  to  judge  very  closely  whether  the  insulation  in  question 
was  suitable  for  the  place  and  work  required  of  it. 

A  better  indication  of  the  value  of  an  insulation  for  high  or 
moderate  voltages  would  be  to  measiu-e  the  thermal  conduc- 
tivity at  different  temperatures  and  the  energy  loss  at  various 
voltages  and  temperatures. 

Then  if  the  insulation  had  a  large  energy  loss  and  low  thermal 
conductivity  we  would  know  that  it  would  not  be  of  much  use 
as  a  high-voltage  insulation,  whereas  if  the  energy  loss  were 
small  and  the  thermal  conductivity  high  we  could  be  sure  of 
a  very  good  insulation,  so  far  as  electrical  properties  are  con- 
cerned. 

Of  course  we  must  consider  the  kind  of  instdation  being  used, 
whether  organic  or  inorganic,  how  treated  and  at  what  maxi- 
mum temperature  it  could  be  run  continuously. 

In  reply  to  one  point  brought  up  by  Mr.  Thomas,  the  distortion 
of  the  voltage  wave  across  the  insulation,  I  would  say  that 
several  years  ago  when  testing  a  piece  of  insulation  of  com- 
paratively high  permittivity  between  25-cm.  disk  terminals  at 
50,000  volts,  Mr.  A.  B.  Hendricks  took  an  oscillogram  of  the 
current  wave  in  the  insulation  and  found  it  to  be  practically  a 
sine  wave.  If  there  had  been  any  appreciable  harmonics  in 
the  high-potential  voltage  wave  they  would  have  been  magnified 
by  the  capacity,  in  the  current  wave;  hence  we  may  readily 
asstmie  that,  since  the  current  was  a  sine  wave,  the  voltage  also 
was  a  sine  wave. 

E.  B.  Rosa:  I  would  like  to  emphasize  what  has  been  em- 
phasized already  by  several  of  the  speakers,  and  that  is  the 
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advantage  of  having  something  like  standard  methods  for 
making  instdation  tests,  and  also  the  advantage  of  making 
energy  measiirements  in  addition  to  the  breakdown  measure- 
ments. The  measurement  of  the  power  factor  of  the  cur- 
rent flowing  through  such  a  dielectric  reveals  wonderful 
differences,  much  greater  than  one  would  expect.  A  plate 
of  mica  will  have  a  very  small  power  factor,  its  angle  corres- 
ponding to  the  power  factor  being  as  small  as  one  minute  of 
arc.  That  is,  the  angle  by  which  the  current  differs  from  a 
90-deg.  advance  of  the  e.m.f.  is  as  small  as  a  minute  of  arc,  or 
smaller.  As  Mr.  Fisher  says,  in  some  materials  it  may  be  20 
deg.,  may  range  anywhere  from  a  minute,  or  less,  to  many 
degrees,  so  that  the  heating  effect  and  the  energy  expended 
may  vary  through  a  range  of  a  thousand  to  one,  and,  naturally, 
if  the  heating  effect  is  large,  the  dielectric  strength  will  sooner 
or  later  be  very  much  affected. 

The  work  of  Dr.  C.  Kingbrunner,  at  the  Technological  School 
at  Manchester,  about  eight  years  ago,  was  very  carefully  done, 
and  is  quite  an  extended  piece  of  investigation.  He  stated 
that  he  fotmd  the  values  of  the  dielectric  strength  to  vary  with 
the  pressure,  and  as  the  presstu^  was  decreased  gradually,  it 
finally  became  constant.  He  gives  a  curve  showing  the  re- 
lation between  the  pressure  and  the  measured  dielectric  strength, 
using  a  pressure  of  500  g.  per  sq.  cm.,  beyond  which  the  value 
was  constant.  He  also  stated  that  electrodes  of  greater  dia- 
meters than  two  cm.  vary  appreciably.  He  used  a  diameter 
of  four  cm.  in  order  to  be  sure  to  have  them  large  enough.  These 
results  are  different  from  those  cited  in  the  paper,  and  illustrate 
the  need  of  taking  accotmt  of  previous  work  and  also  of  having 
all  the  work  that  has  been  apparently  carefully  done,  and  has 
been  published,  reviewed  by  some  co-ordinating  agency  in 
order  that  the  best  results  may  be  reduced  for  all  this  work. 

I  was  very  much  interested  in  what  Mr.  Skinner  said  about 
cooperation  in  solving  such  a  difficult  problem,  or,  at  least, 
making  progress  with  such  an  important  and  difficult  problem 
as  this,  and  as  he  is  so  thoroughly  convinced  of  the  need  of  it, 
it  is  encouraging,  because  he  is  in  a  fortunate  position  to  bring 
about  such  cooperation,  as  chairman  of  the  committee  of  the 
American  Society  for  Testing  Materials. 

Clayton  H.  Sharp:  The  facts  in  Mr.  Parmer's  paper,  and  these 
other  data  that  have  been  presented  tonight,  show  more  than 
anything  else  the  elusive  character  of  the  problem  of  testing 
insulation.  It  is  a  case  of  "  now  you  get  it  "  and  "  now  you  don't 
get  it  ",  and  just  why  these  curious  effects  occur  is,  of  cottrse, 
a  matter  of  very  great  importance.  I  do  not  think  that  the 
phenomena  which  occur  are  quite  so  easily  explained  as  one  of 
the  speakers  tonight  would  have  us  believe.  Mr.  Farmer's 
results  alone  show  that  the  matter  is  more  complicated.  The 
question  of  averages  undoubtedly  enters,  but  there  is  something; 
more  than  that  to  it. 
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Here  we  have  one  of  the  most  important  elements  which 
enters  into  the  construction  of  all  electrical  machinery  and  ap- 
paratus, and  it  is  quite  evident  that  we  are  imfamiliar  with  a 
good  many  of  the  fundamental  and  underlying  attributes  of 
this  material.  It  is,  therefore,  very  necessary  that  further  re- 
searches of  the  character  of  these  which  Mr.  Farmer  has  made, 
and  of  more  extensive  scope,  should  be  carried  on.  In  the  mean- 
time, for  the  purpose  of  the  practical  testing  of  apparatus,  it  is 
of  very  great  importance  that  some  standard  specification  should 
be  prepared  and  should  be  followed. 

John  B.  Taylor:  We  have  here  a  paper  dealing  with  stresses 
in  instilating  mediums,  without  formulas  or  mathematical 
symbols,  and  yet  perhaps  of  more  practical  application  than 
some  of  the  papers  in  the  last  few  years  on  corona  and  the  dis- 
tribution of  stresses  around  points,  spheres,  and  other  shapes. 
The  curves  and  results  discussed  in  the  paper  are  quite  different 
from  those  the  theories  would  seem  to  lead  to.  As  the  paper 
offers  no  explanation  of  these  results,  it  is  to  be  regretted  that  it 
is  not  more  complete  in  a  few  respects  so  that  the  conclusions 
can  be  either  accepted  or  doubted  for  good  reason.   • 

There  seem  to  be  three  factors  which  may  account  for  the  lower 
breakdown  strength  per  mil  as  the  size  of  the  surface  covered  is 
increased.  In  the  first  place,  if  the  testing  transformer  is  small, 
the  increase  in  capacity  would  tend  to  raise  the  voltage  on  the 
test  specimen  without  raising  it  by  the  same  amotmt  on  the  low- 
tension  voltmeter.  Second,  as  previously  brought  out,  when 
dealing  with  a  larger  sample,  by  the  law  of  chances  we  ought  to 
find  some  weak  spots.  Third,  with  the  larger  sample  there  is 
less  chance  for  the  radiation  of  heat.  Since  all  three  of  these 
factors  work  in  the  same  direction,  a  combination  of  them  may 
account  for  the  results  given. 

Mr.  Tressler  has  given  some  information  which  corroborates, 
although  not  to  the  same  degree,  the  general  character  of  the 
results.  My  own  first  impression  was  that  the  heating  was  the 
most  likely  factor,  but  this  impression  does  not  hold  after  seeing 
that  the  voltage  has  been  brought  up  at  the  rate  of  1000  or  1200 
volts  per  second,  and  as  the  specimens  are  only  10  or  12  mils 
thick,  the  whole  test  is  over  in  eight  or  ten  seconds.  That 
leads  me  to  ask  how  it  is  possible  to  establish  the  figures  of  volts 
per  mil  to  some  four  or  five  parts  in  a  thousand,  when  the  voltage 
is  changing  so  rapidly. 

Also,  I  wotdd  like  to  ask  if  the  failures  in  general  occur  at  the 
edge  of  the  different  disks,  or  whether  they  are  just  as  likely  to 
occur  in  the  middle. 

It  would  seem  desirable  to  give,  in  tabulations  like  these,  the 
average  deviation  of  the  results  from  the  mean  result.  The 
maximtun  and  mean  are  given,  but  the  average  deviation  gives 
a  better  idea  of  the  concordance  of  the  observations. 

I  have  a  suggestion  to  make.  Many  tests  of  this  sort  might  be 
made  with  direct  current,  which  would  eliminate  some  of  the 
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tuicertain  factors  when  dealing  with  alternating  current.  The 
heating  factor  would  be  eliminated,  and  also  the  question  of 
voltage  ratio  and  capacity  factor. 

A.  E.  Kennelly:  The  subject  matter  of  the  paper  appears 
upon  its  face  to  be  very  simple.  We  have  here  flat  electrodes, 
and  except  when  the  electrodes  are  very  small — ^half  a  centimeter 
or  less  in  diameter,  we  can  hardly  avoid  the  conclusion  that  the 
stress  which  ought  to  be  imposed  in  a  uniform  dielectric  be- 
tween such  flat  electrodes  is  substantially  uniform  over  the 
entire  surface,  and  we  also  all  believe,  I  think,  that  uniform 
homogeneous  material  breaks  down  electrically  at  the  same 
electrostatic  flux  density,  which  means  when  the  maximtun  local 
gradient  of  potential  attains  one  and  the  same  breakdown  value. 

Starting  from  this  premise,  where  we  wotild  naturally  suppose 
that  for  the  same  thickness  of  material,  like  varnished  cambric 
the  breakdown  stress  should  be  the  same  for  different  sizes  of  the 
different  diameter  of  electrodes,  from  0.5  cm.  to  10  cm.,  or  more, 
the  values  given  in  the  paper  show  that  they  are  not  the  same. 
How  are  we  to  reconcile  these  inconsistencies? 

If  we  assume  that  there  is  air  pocketed  in  thin  films  somewhere, 
then  we  have  the  three  dielectrics,  air  film,  varnish  film,  and  the 
cambric,  and  these  three  layers  are  capable  of  being  associated 
in  various  thicknesses  which  might  give  rise  to  variations  of 
electric  flux-density  and  gradient. 

It  has  been  pointed  out  by  several  of  the  speakers  that  one 
of  the  conditions  involved  is  the  relative  chance  of  including 
weak  spots;  but,  as  has  been  pointed  out  by  the  author  of  the 
paper,  if  that  were  the  case,  we  should  certainly  expect  what 
may  be  called  the  probable  error  to  be  much  greater  for  the 
little  electrodes  than  for  the  big  electrodes,  and  if  the  probable 
error  were  greater,  the  difference  between  the  maximum  and  min- 
imum voltages  of  the  ten  samples  would  certainly  differ  very 
materially,  whereas  actually,  an  inspection  of  the  tests  indicates 
that  substantially  there  is  the  same  difference  between  maximum 
and  minimum  voltages  in  the  ten  tests  on  each  particular  size 
of  electrode.  We  cannot  find  an  explanation  here  in  the  dif- 
ferent probabilities  of  including  weak  spots. 

Since  this  remarkable  variation  of  dielectric  strength  with 
electrode  diameter  does  not  seem  to  be  explained  satisfactorily, 
it  becomes  the  more  important  to  standardize  the  dimensions 
of  test  electrodes  until  the  matter  has  been  cleared  up. 

H.  M.  Hobart;  The  subject  which  is  uppermost  in  my  mind 
at  the  present  time  is  the  need  of  establishing  some  relation  be- 
tween the  rate  of  aging  of  insulating  material  and  the  temperature 
to  which  it  is  subjected.  From  experience  with  apparatus  in 
service,  we  have  a  good  idea  of  this  relation  up  to  a  little  over 
100  deg.  cent.,  but  we  want  to  consider  how  far  we  can  go  in  the 
direction  of  higher  temperatures  with  conservatism.  As  for 
the  range  between  110  deg.  cent,  and  200  deg.  cent.,  the  data  at 
our  disposal  are  very  meager  indeed.     The  meagemess  of  our 
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data  relating  to  aging  is  rather  discouraging.  One  cannot 
aJBFord  to  wait  several  years  for  the  results  of  aging  tests  before 
employing  attractive  methods  of  insulating  machines.  Never- 
theless, the  sooner  we  embark  upon  elaborate  aging  tests  the 
sooner  we  shall  have  the  results  commercially  available.  If  a 
certain  material  ages  imperceptibly  at  100  deg.  cent.,  it  may  age 
with  decided  rapidity  at  200  deg.  cent.  If  we  were  to  maintain 
a  number  of  samples  at  a  temperature  of  200  deg.  cent,  the  results 
obtained  in  a  week  or  a  month  might  be  very  instructive.  We 
could  bake  one  set  of  samples  at  180  deg.,  another  at  IdO  deg., 
another  at  140  deg.,  and  another  at  120  deg.,  and  take  out 
samples  periodically  from  the  ovens.  From  the  results  we  should 
be  able  to  establish  a  curve  for  that  particular  insulating  material 
which  wotild  give  a  clue  to  what  we  could  do  with  that  material 
in  insulating  commercial  machines.  When  used  in  the  construc- 
tion of  slot  insulation,  it  might  not  conform  closely  to  the  results 
which  would  be  obtained  by  samples  tested  in  the  laboratory, 
but  the  results  would,  nevertheless,  be  indicative. 

There  is  a  matter  of  considerable  importance  to  which  I  should 
like  to  allude.  In  a  paper  recently  read  before  the  Institution 
of  Electrical  Engineers  of  Great  Britain  by  Mr.  S.  Eversched, 
a  very  interesting  footnote  appears  in  which  the  author  states: 
"  The  flash  test  as  applied  to  some  costly  piece  of  electrical 
apparatus  must  have  been  inspired  originally  by  something  akin 
to  the  heroism  of  the  savage."  Ever  since  the  time  to  which 
Mr.  Skinner  alludes  we  have  been  making  tests  on  electrical  ma- 
chinery not  very  unlike  flash  tests.  Such  tests  are  still  made 
and  are  jeopardizing  the  subsequent  life  of  the  machines.  The 
machine  may  survive  the  test,  so  far  as  we  can  perceive,  but  we 
do  not  know  that  we  have  not  caused  some  serious  damage  to 
the  machine  which  will  make  it  of  less  service  during  its  working 
life. 

W.  I.  Middleton:  In  the  breakdown  tests  of  cambric  cloth 
insulation,  I  have  used  12-in.  (30.48-cm.)  electrodes  rather 
than  smaller  ones,  believing  the  results  would  be  nearer  the 
average  breakdown  value  of  the  cloth. 

My  experience  with  the  large  and  small  electrodes  has  been 
very  similar  to  that  of  Mr.  Farmer.  Between  the  large  and 
small  electrodes,  12-in.  (30.48-cm.)  and  1-in.  (2.54-cm.),  I  have 
found  an  average  difference  of  about  50  per  cent  increase  with 
the  smaller  ones.  Other  investigators  have  fotmd  similar  re- 
sults when  investigating  along  other  lines.  Mr.  Fisher  says 
the  short  length  of  cable  will  stand  more  voltage  than  the  long 
length,  and  my  own  experiences  with  the  short  samples  of  cables 
have  proved  this  to  be  so.  Experiments  with  corona  on  bare 
wires  have  shown  that  the  corona  starts  at  a  lower  voltage  on 
long  lengths  than  on  shorter  ones.  There  is  evidently  some 
fundamental  law  underljring  all  of.  these  results,  although  the 
experiments  have  been  along  lines  so  very  different. 

In  regard  to  the  probability  law,  we  have  experimented  with 
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different  insulating  materials,  trying  to  find  one  that  would 
give  consistent  results,  and  have  found  none  that  was  as  good 
as  air,  the  oil  breakdowns  being  very  irregular.  The  break- 
down of  air  about  the  wire,  as  regards  long  and  short  lengths, 
is  so  similar  to  that  of  other  instdations  that  it  would  appear 
to  eliminate  the  law  of  probability,  as  we  can  hardly  say  that 
there  are  weak  places  in  the  air. 

The  chances  of  wave  distortion  with  any  samples  of  cambric, 
even  as  large  as  1  sq.  ft.  (0.0929  sq.  m.),  seem  to  be  very  slight, 
as  the  charging  current  would  be  very  small;  this  is  quite  pos- 
sible where  the  charging  ciurent  is  considerable,  as  with  long 
lengths  of  cables. 

The  instantaneous  breakdown  has  many  advantages  in  this 
class  of  work,  if  properly  applied,  as  it  allows  a  great  many 
samples  to  be  handled  in  a  short  time  and  eliminates  the  heat- 
ing eflfect,  which  is  one  of  the  most  difficult  elements  to  analyze 
in  work  of  this  kind. 

I  believe  we  shotdd  have  a  standard  size  of  electrode  for  this 
class  of  work  so  that  the  results  of  tests  made  by  different 
investigators  may  be  more  readily  compared,  having  tins  large 
element  of  doubt  as  to  size  of  electrode  removed. 

F.  M.  Farmer:  As  to  the  matter  of  weak  spots — the  weak 
point  theory  seems  to  stick  with  a  good  many,  even  though 
Dr.  KenneUy  has  pretty  well  covered  it.  This  was  pretty 
thoroughly  discussed  in  the  paper.  Suffice  it  to  say  that  it 
is  not  at  all  to  be  expected  that  the  curves,  each  point  on  which 
is  made  up  of  ten  tests,  would  all  be  smooth  and  all  follow  the 
same  general  shape.  Furthermore,  the  shape  is  similar  to  that 
obtained  for  oil  where  there  is  no  question  of  weak  spots. 

The  possible  effect  of  distortion  with  the  large  electrodes 
has  been  mentioned.  We  went  into  the  matter  pretty  care- 
fully, and  could  find  absolutely  no  distortion  of  the  wave  with 
specimens  up  to  15  in.  (38  cm.)  in  diameter  and  potentials  up 
to  15,000  or  16,000  volts.    A  10-kv-a.  transformer  was  used. 

As  to  the  matter  of  heating,  I  do  not  think  there  can  be  very 
much  in  that  as  an  explanation  of  these  results,  because  the 
tests  were  of  such  short  duration — only  a  few  seconds.  From 
a  commercial  standpoint  the  heating  should  undoubtedly  be 
taken  into  account.  If  we  want  to  get  at  the  dielectric  strength 
of  the  material  under  operating  conditions  undoubtedly  the  tem- 
perature has  got  to  be  taken  into  consideration,  as  also  have  pres- 
sure, and  various  other  things.  The  point  of  this  paper  was  simply 
to  call  attention  to  one  of  the  variables  and  how  much  it  does 
vary.  Each  of  us  is  in  the  habit  of  making  these  tests  along 
certain  lines,  and  each  has  established  his  own  standard  elec- 
trodes, but  it  is  well  to  know  at  least  in  a  general  way  what 
the  effect  of  using  other  electrodes  might  have  been.  It  was 
also  hoped  to  show  the  desirability  of  standardizing  one  size, 
for  one  size  is  as  good  as  another  because  the  residts  are  quite 
empirical, — each  designer  must  apply  his  own  factor  of  safety. 
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We  have  standardiased  specimens  for  testing  steel,  but  the  de- 
signer does  not  think  of  using  the  steel  in  his  structure  up  to 
the  values  given  in  the  test.  He  allows  a  factor  of  safety 
according  to  the  conditions. 

Specifications  for  insulating  cloth  should  be  prepared  with 
a  view  to  enabling  us  not  only  to  make  the  tests  quickly  and 
cheaply  on  small  samples,  but  so  that  everybody  will  under- 
stand what  they  mean.  Then  let  each  individual  apply  his 
own  factor  of  safety  to  suit  his  own  conditions. 

Mr.  Taylor  evidently  wanted  some  more  theoretical  ex- 
planations. There  is  ample  opportunity  for  those  so  inclined 
to  make  theoretical  speculations.  I  have  been  unable  to 
formtdate  a  satisfactory  explanation  and  that  is  why  none  is 
offered  in  the  paper.  Mr.  Peek  seems  to  think  the  matter 
very  simple,  but  I  do  not  think  so.  I  do  not  see  how  the  the- 
ory which  he  advances  with  respect  to  cylindrical  and  spher- 
ical electrodes  can  be  applied  to  flat  disks,  where  the  distri- 
bution of  the  flux  is  very  different. 

Mr.  Taylor  apparently  has  concluded  that  the  potential 
was  measured  to  five  volts  and  very  properly  questions  such 
refinement.  These  figures  in  the  paper  are  not  single  measure- 
ments, however,  but  in  each  case  the  average  of  10  measure- 
ments rounded  off  to  the  nearest  five. 

Mr.  Taylor  asks  if  pimctures  appeared  near  the  edges  of  the 
electrodes  more  frequently  than  elsewhere.  The  punctures 
were  pretty  fairly  distributed  over  the  entire  surface,  which 
I  think  is  accounted  for  by  the  rounded  comers. 

J.  W.  Milnor  (communicated  after  adjoimmient) :  There  has 
been  considerable  spectilation  concerning  the  causes  of  the  phe- 
nomena observed  by  Mr.  Farmer,  and  in  view  of  this  an  analysis 
based  on  the  theory  of  probability  should  be  of  interest. 

Let  it  at  first  be  assumed  that  the  electric  field  between  the 
electrodes  is  uniform,  the  increased  flux  density  near  the  edges 
being  ignored.  The  total  area  of  the  insulating  material  under 
test  may  be  considered  to  be  made  up  of  a  large  ntmiber  of  ele- 
mental areas  dA  having  an  average  dielectric  strength  £a,  this 
value  being  very  high.  Their  dielectric  strength  shoidd  vary 
according  to  the  well-known  law  of  error.  That  is,  the  probabil- 
ity curve  of  dielectric  strength  of  an  element  of  area  is 

*       -*•(£«-£)•  (1) 

in  which  A  is  a  constant.     If  the  area  of  one  of  the  testing  elec- 

trodes  is  i4 ,  we  have  -r-r  elements  of  area  included  between  the 
aA 

electrodes,  and  the  whole  dielectric  will  fail  at  the  weakest 
element  of  area.      To   estimate  this   dielectric   strength,   let 
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the  area  under  the  curve  given  by  equation  (1)  be  divided  into 

-jj-  equal  parts.     Then  the  dielectric  will  most  probably  fail 

at  the  voltage  represented  by  the  center  of  the  lowest  section. 
This  is  near  the  boundary  of  the  lowest  section  if  the  area  is 

divided  into  -rj-  equal  parts. 

The  area  under  the  probability  cvurve  included  between  the 
ordinate  (Ea^E)  and  the  ordinate  at  negative  infinity  is  given 
by  the  series 

_       e-^'Cfig-g)'     r 1 

^^^  "  2  V^h{E,^E)  L        2  A«  (£.  -  £)« 

"•"    4  A*  (£.  -  £)*    "  •  •  •  J  '     (*) 

and  since  the  total  area  under  the  curve  is  unity,  each  member  of 

dA 
equation  (2)  is  equal  to  -oj--     Therefore 


1 I + 3 (3) 

2  A«  (£.  -  £)«  ^    4  A*  (£.  -  £)>       "  '  * 

Now  if  dA  is  decreased  indefinitely,  £«  becomes  very  large,  so 
that  £  is  small  in  comparison,  and  A  becomes  very  small.  In  the 
limiting  case,  with  dA  infinitely  small,  equation  (3)  becomes 
much  simplified,  and  the  result  is  of  the  form 

A  =  C,€-^*^  (4) 

Solving  for  £, 

£  =  ~c"^^S«  ^» C~'^^^*  i4  =  Ci  -  CtlogioA,       ^5j 

in  which  Ci,  Ca,  Ct,  and  C4  are  constants. 

Equation  (6)  shows  that  the  dielectric  strength  of  thin  insula- 
ting material  should  vary  as  a  simple  logarithmic  function  of  the 
area  of  the  testing  electrodes  when  conditions  are  such  that  the 
effects  of  the  edges  of  the  electrodes  are  small.  It  is  evident 
from  equation  (6)  that  if  n  separate  tests  of  a  given  dielec- 
tric are  made,  using  the  same  set  of  electrodes  the  difference  be- 
tween the  average  result  and  minimum  result  of  the  n  tests 
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is  most  probably  eqtial  to  Cj  logi©  n,  this  value  being  inde- 
pendent of  the  area  of  the  electrode.  It  may  also  be  shown  that 
when  n  is  large  the  average  deviation  of  the  individual  results 
from  their  mean  is  approximately  0.43  Cty  no  matter  what  the 
area  of  the  testing  electrodes. 

The  increased  electric  flux  density  which  occurs  near  the  edges 
of  the  electrodes  causes  the  observed  dielectric  strength  to  be 
generally  less  than  called  for  by  equation  (6),  and  this  dis- 
crepancy is  larger,  the  smaller  the  area  of  the  electrodes,  or  the 
greater  the  thickness  of  the  material  under  test.  This  is  evident 
when  it  is  considered  that  either  decreasing  the  area  of  the  elec- 
trodes or  increasing  the  thickness  of  the  dielectric  increases  the 
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Pig.  4— Effect  of  Electrode  Area  on  Apparent  Dielectric 
Strength  of  Varnished  Cambric  when  Tested  in  Air,  Showing 
Agreement  with  Theoretical  Curve. 


ratio  of  the  maximum  stress  to  the  average  stress,  and  also 
increases  the  proportion  of  the  total  area  that  is  subjected  to  this 
maximum  stress.  When  testing  a  single  thickness  of  varnished 
cambric,  relatively  few  of  the  failures  occur  near  the  edges  of  the 
electrodes;  but  when  testing  five  or  ten  layers  simultaneously, 
it  will  usually  be  found  that  a  large  proportion  of  the  failures 
occur  near  the  edges. 

In  order  to  illustrate  the  application  of  equation  (6),  the  data 
given  by  Mr.  Farmer  for  the  dielectric  strength  of  varnished 
cambric  have  been  replotted  (Fig.  4  herewith),  and  in  the  same 
figure  has  been  drawn  the  curve 
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the  area  being  in  square  inches.  The  constants  of  this  equation 
were  determined  by  trial.  The  curve  agrees  very  closely  with 
the  observed  data  when  the  diameter  of  the  electrodes  is  1/16  in. 
(1 .588  mm.) ,  or  greater.  When  the  diameter  is  less  than  1/16  in. 
the  eflEect  of  the  edges  predominates.  The  diflference  between  the 
average  and  the  minimum  results  of  the  tests  with  a  given 
electrode  should  be  156  logw  «,  being  the  number  of  tests.  When 
n  is  10  this  difference  is  156  volts  per  mil  at  puncture;  if  n  is  15 
the  difference  is  183;  if  n  is  21  the  difference  should  be  206,  etc. 
It  will  be  observed  that  these  differences  as  obtained  from  Table 
I  of  Mr.  Farmer's  paper  are  not  greatly  unlike  the  values  given 
above. 

The  foregoing  discussion  indicates  that  the  peculiar  variation 
of  the  dielectric  strength  with  the  area  of  the  testing  electrodes 
is  due  mainly  to  irregularities  of  the  material  under  test  when  the 
area  of  the  electrodes  is  large,  and  to  increased  maximum  flux 
density  when  the  area  is  small.  In  deciding  upon  a  size  of 
electrodes  to  be  adopted  as  standard,  the  area  should  be  large 
if  the  aim  of  the  tests  is  to  determine  the  most  representative 
value  of  the  dielectric  strength  with  the  fewest  number  of  tests. 
If,  however,  the  most  reliable  result  is  desired  while  a  minimum 
quantity  of  the  material  is  used,  a  set  of  electrodes  of  small 
diameter  should  be  chosen. 
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POWER  FROM  MERCURY  VAPOR 


BY  W.  L.  R.  BMMBT 


The  theoretical  limit  of  eflSciency  in  a  thermo-dynamic 
process  is  the  ratio  of  the  temperature  range  embraced  by 

the  process  to  the  maximum  absolute  temperature  used, — =r-^ 

In  all  processes  available  for  commercial  power  develop- 
ment, the  lower  limit  is  fixed  by  the  temperature  of  cooling 
water  available,  and  is  therefore  not  susceptible  of  variation. 
The  possible  upper  limit  is  the  temperature  which  can  be 
produced  by  our  fuel  when  burned  with  air,  which  in  practise 
is  about  2700  deg.  fahr. 

The  purpose  of  the  process  here  described  is  to  utilize  some 
of  the  energy  available  in  ranges  above  that  which  can  con- 
veniently be  utilized  with  steam.  The  theoretical  efficiency 
of  steam  processes  can  be  increased  by  using  higher  pressures, 
but  since  with  rise  of  temperature  the  increase  of  pressure  is 
very  rapid,  and  since  the  steam  turbine  has  limitations  in  the 
efficient  use  of  high  pressure,  prospects  of  gain  in  this  direc- 
tion are  not  very  attractive. 

Mercury  boils  at  677  deg.  fahr.  at  atmospheric  pressure  and 
condenses  in  a  28-in.  (711 -mm.)  vacuum  at  455  deg.  fahr. 
It  is  therefore  well  adapted,  at  least  by  pressure  and  tempera- 
ture conditions,  for  use  in  a  temperature  cycle  above  that  now 
used  with  steam.  Its  use  to  increase  greatly  the  temperature 
range  available,  and  so  to  increase  efficiency,  is  the  object  of 
the  development  here  described. 

Before  going  further,  the  writer  desires  to  explain  that  the 
principle  involved  in  this  process  was  suggested  to  him  by  Mr. 
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Charles  S.  Bradley,  who  proposed  and  patented  a  quite  similar 
process  in  which  he  intended  to  use  certain  other  substances 
of  high  boiling  point  and  relatively  high  vapor  density.  It 
has  since  been  learned  that  there  have  been  other  proposals 
along  similar  lines,  although  none  of  them  have  involved  the 
use  of  merciu-y.  Consideration  of  the  possibilities  suggested 
by  Mr.  Bradley  led  the  writer  to  study  the  characteristics  of 
mercury,  and  from  this  study  and  a  course  of  experimenting 
which  has  been  going  on  for  a  year,  the  plans  of  procedure 
here  shown  and  explained  have  been  evolved.  A  set  of  ap- 
paratus suited  to  the  production  of  about  100  h.p.  has  been  nearly 
completed  and  it  is  hoped  that  experiments  on  a  scale  and  of 
a  character  approaching  commercial  conditions  may  be  made 
within  a  month  or  two.  Anything  so  completely  novel  and  so 
essentially  complicated  is  naturally  liable  to  delays,  so  that 
the  prospect  of  successful  tests  cannot  be  confidently  predicted. 
Since  the  process  has  been  talked  about  and  since  a  good  deal 
of  interest  has  been  expressed,  the  writer  has  thought  best  to 
record  his  expectations  and  to  make  explanation  of  the  plans 
which  have  so  far  been  evolved. 

In  studying  the  thermodynamic  possibilities  of  a  substance 
like  mercury,  we  proceed  exactly  as  we  do  in  the  case  of  steam, 
and  for  the  sake  of  convenience  it  may  be  well  to  give  here 
some  data  relating  to  the  subject. 

Boiling  point  of  mercury  at  atmospheric 

pressure 677  deg.  fahr.     (358  deg.  cent.) 

Boiling    point    of    mercury    at    28-in. 

vacuum 457  deg.  fahr.     (236  deg.  cent.) 

Vapor  density  is  in  the  ratio  of  atomic  weight  and  absolute 
temperature;  as  compared  with  water  the  vapor  density  of 
mercury  is  therefore  6.56  times  as  great  at  the  boiling  point 
and  6.8  times  as  great  at  28-in.  (711-mm.)  vacutmi. 

Specific  heat  of  mercury  liquid 0 .0373 

"        "  "  gas,  (constant  pressure) 0.0248 

(According  to  Kurbatoff ;   Zeit,  Phys.  Chem.  43,  104,  1903). 

Latent  heat  of  vaporization-— 

at  25  lb.  (11.3  kg.)  abs.         r  -  117  B.t.u. 

."  15    "  (6.8  kg.)       "  r  -  118       " 

•'  28-in.  (711-mm.)  vacuum  r  -  121 

"  29.in.  (737  mm.)         "       r  -  121.5    ** 
(Calculated  from  formulas  by  Kurbatoff). 
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The  boiling  point  of  merctiry  at  various  pressures  is  shown 
by  an  accompanying  curve,  Fig.  1,  and  curves  are  also  given 
in  Fig.  2  showing  the  energy  theoretically  available  from  mer- 
cury vapor  within  various  pressure  ranges.  These  curves  are 
calculated  from  Rankine's  formula: 

E  =  778  [Ci-0.  (  1+log-^)  +  -^  «3.-0«)] 

E  —  energy  in  ft-lb. 

Qi  and  Q2  =  heat  of  liquid. 
X  =  dryness  factor. 

r  =  latent  heat. 

The  data  above  stated  may  not  have  been  as  accurately  de- 
termined as  those  which  are  available  for  steam  calctilations, 
but  their  substantial  accuracy  is  indicated  by  the  fact  that  in 
our  experiments,  the  measured  flow  of  vapor  through  nozzles 
has  closely  checked  the  calculations. 

The  method  applied  in  this  process  may  be  stated  briefly 
as  follows:  Mercury  is  vaporized  in  a  boiler  heated  by  a  furnace 
of  ordinary  type.  From  this  boiler  (see  Fig.  3)  it  passes  at 
a  pressure  near  or  not  much  above  the  atmosphere,  to  the 
nozzles  of  a  turbine  which  drives  a  generator  or  other  utilizer 
of  power.  From  this  turbine  it  passes  to  a  condensing  boiler 
where  it  is  condensed  on  the  outer  surface  of  tubes  which  con- 
tain water,  and  this  water  is  vaporized  by  the  heat  delivered, 
and  the  steam  produced  is  used  to  drive  other  turbines  or  for 
any  other  purpose.  This  condensing  boiler  is  preferably  placed 
at  a  level  above  the  mercury  boiler,  so  that  the  condensed  liquid 
will  run  back  into  the  mercury  boiler  by  gravity  without  the 
aid  of  a  pump.  Since  the  mercury  vapor  is  much  hotter  than 
the  steam,  the  gases  will  normally  leave  the  mercury  boiler  at 
higher  temperatures  than  they  have  in  leaving  a  steam  boiler. 
To  utilize  this  excess  heat  in  the  gases,  it  is  proposed  to  convey 
them  first,  after  leaving  the  mercury  boiler,  through  a  heater 
which  raises  the  returning  liquid  almost  to  the  boiling  point, 
second,  through  a  superheater  which  superheats  the  steam  de- 
livered by  the  condensing  boiler,  and  third,  through  an  econ- 
omizer which  heats  the  feed  water  for  the  condensing  boiler 
and  so  reduces  the  gases  to  the  lowest  practicable  flue  tem- 
perature. 
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By  careftd  study  and  experimental  development,  which  will 
be  later  explained,  means  have  been  devised  for  reducing  the 
amount  of  mercury  used,  for  effectively  preventing  its  loss  or 
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Fig.   1 — Curve    showing  Boiling  Point  of  Mercury  at  Various 

Pressures 


dissipation,  and  for  immediately  detecting  any  failure  in  such 
prevention. 

The  disadvantages  of  mercury  for  such  a  process  are:  First, 
that  it  is  very  expensive,  its  cost  being  about  60  cents  per  lb. 
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($1.32  per  kg.).  Second,  that  it  is  poisonous  and  is  capable  of 
pervading  the  atmosphere  in  a  very  finely  divided  state  in  the 
neighborhood  of  places  where  the  vapor  can  escape.  Third, 
there  are  certain  difficulties  in  confining  both  the  vapor  and  the 
liquid,  although  these,  with  proper  methods,  are  not  serious. 
Mercury's  advantages  as   a   thermodynamic   fluid   for  the 
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AVAiLABIX  CNCWY.FT.LB. 

F1G.J2 — Energy    Theoretically  Available  from  Mercury  Vapor 
_         L  WITHIN  Various  Pressure  Ranges 


purpose]^desired  are  many.  First:  its  boiling  points  at  desired 
pressures  are  convenient.  Second:  its  high  specific  gravity 
makes  possible  the  use  of  gravity  feed,  sealing  of  valve  stems, 
etc.,  and  centrifugal  sealing  of  turbine  packings.  Third:  it 
is  completely  neutral,  at  the  temperatures  used,  to  air,  water, 


Digitized  by 


Google 


2i:n» 


EMMET:  MEMCCMT  TLMMISE 


[DiBC.  1€ 


irc^c.  s^rA  s&ch  orgazikr  sahsiSLSces  as  ri  say  oook  in  cxxHsKt 
whh.  Pcrartb:  h  carries  nothing  h:  socTnaon  vhick  csn  adbere 
to  or  a^ect  beating  sgrfaoes,  a>aseqoesi2y  the  iiiitcnor  of  boiler 
is  ahra3rs  perfectly  ckan.  Fifth:  its  \:zpor  density  is  so  faigjh 
that  It  grres  a  very  2ow  spoctin^  vekxity.  and  cauuscqueiitbr 
a  very  simpk  type  of  turbine  can  be  used.  Sixtb:  it  does  noC 
wet  the  surface  of  turbine  blades  and  consequently  gi\^es  ap- 


FiG.   3 — Diagram  MATic  View  of  Apparatus  to  Generate    Power 


1.  Mercury  rapor  boiler. 

7.  Heater  f  tt  liquid  mercury, 

8.  Condenser  boiler, 

9.  Superheater  («{teain). 
10.  Steam  turbine. 


11.  Peed  water  eoonomiaer. 

13.  Mercury  turbine. 

21.  Steam  turbine  condenser. 

23.  Electric  generator. 

24.  Mercury  r^por  pipe. 


patently  no  erosion.  It  is  believed  that  the  action  between 
the  vapor  with  its  accompanying  liquid  and  the  blade  surface 
will  conduce  to  a  high  economy  in  a  turbine,  although  no  posi- 
tive data  on  this  subject  have  yet  been  obtained.  Seventh: 
Its  volume  at  convenient  condensing  temperatures  is  such  that 
it  can  be  used  in  turbines  without  excessive  bucket  heights. 
One  of  the  greatest  limits  of  design  in  steam  turbines  is  the  large 
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area  required  for  the  eflScient  discharge  of  the  low-pressure 
steam.  With  mercury  vapor,  this  diflSculty  does  not  exist. 
Eighth:  delivering  its  heat  at  the  temperature  and  in  the  man- 
ner which  it  does,  the  condensing  boiler  in  which  this  heat  is 
used  to  make  steam  is  very  small  and  simple  as  compared  with 
a  steam  boiler.  Steam  boilers  transmit  an  average  of  about 
6  watts  per  sq.  in.  (6.45  sq.  cm.)  with  an  average  temperature 
difference  of  about  1100  deg.  fahr.  A  surface  condenser  trans- 
mits 18  watts  per  sq.  in.  with  20  deg.  fahr.  temperattire  dif- 
ference. The  mercury  boiler  is  about  equivalent  in  dimensions 
to  a  surface  condenser,  and  since  there  is  no  high  temperature 
involved,  there  will  be  no  possibility  of  scaling  or  burning. 
Thus  in  this  process  we  have  low  pressure  and  a  clean  boiler 
interior  at  the  hot  end,  and  small  and  perfectly  distributed 
temperature  differences  at  the  low-temperature  end  of  the  pro- 
cess, where  steam  is  made.  High  temperature,  unequal  dis- 
tribution of  heat,  and  the  necessity  for  large  heating  surface 
constitute  the  principal  difficulties  of  boiler  construction. 
All  of  these  are  overcome  in  this  method  of  making  steam. 

In  this  process  the  mercury  vapor  acts  automatically  as  a 
conveyer  of  heat  from  the  fire  to  the  condensing  steam  boiler. 
If,  through  loss  of  load  or  other  reasons,  the  mercury  turbine 
admission  is  shut  off,  the  vapor  bypasses  through  a  safety 
valve  provided  for  the  purpose,  so  that  all  the  heat  delivered 
to  the  mercury  is  immediately  put  into  the  steam  boiler,  except 
the  fraction  which  is  converted  into  power  by  the  turbine. 

Thus  the  fireman,  in  this  process,  will  maintain  steam  pressure 
just  as  he  now  does.  The  steam  produced  will  be  used  just  as 
it  now  is  in  existing  apparatus,  and  the  output  of  the  mercury 
turbines  will  be  simply  a  by-product  which  is  additional  to  the 
power  which  is  now  obtained.  Studies  have  indicated  that 
if  this  process  works  out  as  expected,  the  apparatus  described 
can,  in  many  cases,  be  put  into  the  building  space  now  occupied 
by  steam  boilers,  so  that  the  act  of  changing  existing  steam 
plants  to  this  process  should  retain  in  use  most  of  the  existing 
investment. 

Before  entering  into  the  details  of  experiments  or  of  the  meth- 
ods by  which  it  is  hoped  to  accomplish  these  results,  it  may 
be  well  to  state  the  degrees  of  economy  which  should  be  ac- 
complished if  this  development  succeeds.  Asstmiing  heat  de- 
liveries to  surfaces  exposed  equal  to  those  in  steam  boilers  under 
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eqtiivalent  conditions  of  temperature  difference,  gas  velocity, 
and  radiation,  and  assuming  a  turbine  efiSdency  equal  to  that 
of  steam  under  equivalent  velocity  conditions,  the  calculation 
shows  that  in  an  efficient  modem  power  station,  the  same 
amount  of  steam  can  be  delivered  to  the  turbines  at  the  same 
superheat,  thus  giving  the  same  turbine  output,  and  that  in 
addition  about  66  per  cent  of  the  power  so  delivered  can  be  de- 
livered by  mercury  turbines,  the  fuel  required  being  only  about 
15  per  cent  greater  than  that  which  wotild  be  used  with  the 
steam  alone.  Thus  the  gain  in  capacity  of  an  existing  station 
would  be  approximately  66  per  cent  and  the  gain  of  output  per 
pound  of  fuel  wotild  be  about  44  per  cent.  This  calculation 
is  based  upon  a  mercury  vapor  pressure  10  lb.  (4.5  kg.)  above 
the  atmosphere  and  a  vacuum  of  28.5  in.  (724  mm.)  at  the 
steam  turbine  outlet. 

About  10  lb.  (4.6  kg.)  of  mercury  would  be  evaporated  for 
each  pound  of  steam  produced,  the  steam  pressure  being  about 
175  lb.  (80  kg.)  gage,  superheat  150  deg.  fahr.,  and  the  final 
temperature  after  gas  leaves  economizer  being  about  300  deg. 
fahr.  The  vacutun  in  both  steam  and  mercury  turbines  can  be 
maintained  by  the  same  air  pump,  means  being  employed  to 
separate  all  mercury  vapor  from  the  air  in  a  suitable  cooler. 

A  non-condensing  steam  plant  produces  more  than  half  as 
much  power  from  a  pound  of  fuel  as  a  good  condensing  station, 
and  since  the  mercury  process  can  be  superimposed  upon  a  non- 
condensing  steam  process  as  well  as  upon  a  condensing  steam 
process,  it  is  obvious  that  with  the  mercury  combination  the 
non-condensing  plant  can  be  made  almost  as  economical  as  the 
best  existing  condensing  plants.  It  is  also  obvious  that  when 
the  mercury  process  is  added  in  cases  where  steam  is  less  eco- 
nomically used  than  in  modern  power  stations,  the  gain  will 
be  relatively  greater.  The  purpose  of  the  process  is  to  replace 
steam  boilers  wherever  they  are  used  and  to  obtain  power  from 
mercury  turbines  as  a  by-product. 

Experimental  data  indicate  that  not  more  than  $10  worth 
of  liquid  mercury  per  kilowatt  output  of  mercury  turbine  will 
be  required  for  such  a  process,  and  it  is  probable  that  with  suit- 
able arrangements,  this  amount  can  be  considerably  reduced. 
The  general  application  of  such  a  process  would  require  im- 
mense quantities  of  mercury,  but  inquiry  has  indicated  that 
the  sources  of  supply  are  such  that  the  largest  conceivable  de- 
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Fig.  4 

First  Experimental  Mercury 

Boiler  Tube 
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Fig.  6 
Second  Experimental 
Mercury  Boiler  Tube 
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Fig.  5 — Mercury  Boiler  Tube  oh  Fig  4,  Encased  in  Brick  Setting 
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-Mercury  Boiler  and  Turbine  as  Erected  in  Power  House 
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mand  for  such  a  purpose  would  not  permanently  increase  the 
price. 

In  the  experimental  calculations  of  this  process  which  have  so 
far  been  made,  the  vapor  has  been  produced  in  heating  elements 
similiar  to  those  proposed  for  an  actual  boiler  under  the  most 
severe  condition  of  heat  delivery  by  gas  flow  and  radiation. 
The  vapor  has  been  carried  from  such  boiler  elements  to  a 
nozzle  and  this  nozzle  has  been  exhausted  into  a  condenser 
from  which  the  liquid  is  drained  back  into  the  boiler  by  gravity, 
the  vacuum  being  maintained  in  the  condenser  by  an  air  pump. 
In  this  experiment  the  only  element  lacking  is  the  turbine 
wheel,  which,  although  it  constitutes  the  only  visible  evidence 
of  results  in  such  a  process,  is  in  reality  imimportant,  since  the 
nozzle  is  the  real  engine  which  transforms  heat  into  motion, 
the  movement  of  the  wheel  by  the  moving  fluid  being  a  me- 
chanical matter  governed  by  laws  which  are  very  well  under- 
stood. 

In  these  experiments,  pressures  and  amounts  of  liquid  con- 
densed were  measured,  and  these  measurements  show  that  the 
flow  of  vapor  through  the  nozzle  was  in  agreement  with  the 
calculations  from  the  data  above  stated. 

In  all  the  tests  which  have  been  made  with  these  experi- 
mental elements,  there  has  not  been  a  trace  of  chemical  action 
upon  the  mercury  or  steel,  although  air,  water,  oil,  and  various 
kinds  of  dirt  have  been  present  in  considerable  quantities,  and 
although  very  extreme  temperatures  have  at  times  been  used. 

Investigation  of  the  conditions  of  heat  transference  and  cir- 
culation in  the  production  of  mercury  vapor  has  involved  much 
labor  in  study  and  experimenting,  and  through  this  work  certain 
data  have  been  collected  which,  in  combination  with  known 
data  concerning  action  in  different  parts  of  steam  boilers,  have 
been  applied  to  the  design  of  a  boiler  of  considerable  size,  which 
is  now  nearly  completed.  This  boiler  would  appear  to  be  the 
only  part  of  the  process  which  involves  any  difficulty,  and  it 
is  hardly  fair  to  expect  that  it  will  be  in  every  respect  satis- 
factory or  in  accordance  with  calculations,  although  the  evi- 
dences in  its  favor  seem  to  be  very  strong,  and  although  every 
detail  which  enters  into  it  has  been  the  subject  of  successful 
experimenting.  It  is  believed,  however,  that  any  difiiculties 
which  may  arise  can  be  corrected  and  that  this  process  is  prac- 
ticable for  approximately  such  results  as  have  been  stated. 
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A  turbine  of  suitable  design  has  also  been  produced,  and  a  con* 
densing  boiler,  with  all  the  auxiliary  apparatus  necessary  for 
the  trial  of  the  process  as  it  might  be  applied  commercially. 

With  a  view  to  developing  a  design  for  a  mercury  boiler 
which  would  produce  the  vapor  with  the  practicable  methods 
of  firing  without  destructive  temperatures  in  the  steel  and  with 
a  small  total  amount  of  mercury  in  use,  it  has  been  necessary  to 
do  much  experimenting  to  determine  the  behavior  of  mercury 
imder  boiler  conditions.  The  first  experiments  made  were 
with  tubes  containing  solid  cores  with  a  small  clearance  be- 
tween the  core  and  the  tube,  and  a  central  hole  in  the  core 
provided  for  circulation  of  the  liquid.  The  apparatus  used  in 
this  experiment  is  shown  by  Fig.  4.  A  rod  was  carried  down- 
ward through  the  central  duct  and  projected  out  through  a 
packing  as  shown.  The  relative  expansion  of  this  rod  and  of 
the  outer  walls  of  the  tube  was  indicated  by  a  multiplying  lever 
as  shown,  which  afforded  an  accurate  measure  of  average 
temperature  difference  between  the  outer  walls,  which  con- 
stitute the  heating  sturface,  and  the  liquid  which  was  flowing 
in  contact  with  the  rod.  This  tube  was  subjected  to  various 
heating  conditions  and  curves  were  plotted  which  compared 
rates  of  vapor  flow  with  temperature  difference.  Some  unex- 
pected results  were  encountered,  and  the  natiu^  of  the  action 
was  investigated  by  boiling  mercury  in  concentric  glass  tubes 
having  an  annular  clearance  about  equivalent  to  that  used  in 
the  steel  tubes.  These  experiments  showed  that  to  absorb  a 
large  amount  of  heat  with  a  small  temperature  difference  be- 
tween the  heated  surface  and  the  liquid,  it  was  necessary  to 
provide  for  a  very  free  circulation  of  the  liquid  so  that  a  large 
amount  of  liquid  could  flow.  The  size  of  the  central  hole  had 
a  very  positive  effect  upon  the  vapor  capacity  of  the  tube. 
Since  the  mercury  does  not  wet  the  heating  surfaces,  the  ten- 
dency is  for  the  vapor  to  fill  the  space  between  the  liquid  and  the 
heating  surface  and  thus  to  prevent  heat  removal.  The  way 
to  get  effective  action  in  a  mercury  boiler  is  to  create  conditions 
by  which  so  much  liquid  will  circulate  in  hot  parts  that  very 
little  vapor  is  formed  until  the  heated  liquid  reaches  the  upper 
parts  of  the  tubes  where  the  pressure  is  relieved,  and  where 
the  heat  stored  begins  to  be  released  in  vapor. 

Diffictilties  with  temperature  differences  are  only  encountered 
in  the  hottest  parts  of  the  boiler  where  radiation  plajrs  an  im- 
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portant  part.  With  the  low  rates  of  heat  transference  which 
prevail  through  a  greater  part  of  the  surface,  extremely  narrow 
spaces  can  be  provided  for  the  circulation  of  liquid  and  for  the 
release  of  the  vapor  which  is  formed. 

Having  obtained,  by  experiments,  data  concerning  possible 
rates  of  heat  transference,  a  boiler  was  built  in  which  the  heat- 
ing surface  was  made  up  of  round  tubes  with  concentric  cores. 
The  tubes  were  expanded  into  a  horizontal  sheet  which  formed 
the  bottom  of  a  box,  and  arrangements  were  made  by  which 
the  central  ducts  in  cores  always  received  a  supply  of  liquid. 
The  tubes  in  this  boiler  were  rather  thin,  and  in  experimenting 
with  it,  it  was  found  that  at  the  hot  end  the  expanded  joints 
in  the  tube  sheet  became  loose,  the  temperature  differences 
imposing  strains  which  exceeded  the  elastic  limit  of  the  metal. 
This  trouble  could  have  been  corrected  by  acetylene-welding 
these  joints,  but  this  would  have  involved  various  changes 
and  difficulties,  and  since  trouble  was  also  encountered  in 
making  the  bolted  joints  of  the  box  vacuum  tight,  it  was  de- 
cided to  abandon  this  boiler  and  build  another  on  an  entirely 
different  principle,  which  had  been  in  the  meantime  devised 
and  experimented  with.  The  construction  of  this  new  boiler 
is  shown  by  Fig.  7  and  the  experimental  unit  used  to  determine 
its  characteristics  is  shown  by  Fig.  6. 

This  boiler  is  made  up  of  a  number  of  heating  units,  each 
consisting  of  an  upper  and  a  lower  header  which  are  connected 
together  by  curved  flattened  tubes.  The  flattening  is  to  reduce 
the  space  which  must  be  filled  with  liquid  mercury  without 
diminishing  the  surface.  The  curvature  is  to  prevent  mechanical 
strains  through  inequal  expansion  caused  by  irregular  heating. 
These  flattened  tubes  are  connected  into  the  headers  by  acety- 
lene-welded joints.  The  tubes  are  first  welded  from  the  inside 
into  channel-shaped  pieces;  these  channels  with  the  set  of  tubes 
connecting  them  are  then  annealed  so  as  to  release  all  strains 
incident  to  the  welding.  After  annealing,  they  are  tested  with 
high-pressure  air,  suitable  clamps  being  used  to  confine  the  air 
in  the  channels.  If  the  welded  sheets  will  stand  the  anneal 
and  the  subsequent  pressure  test,  it  is  asstuned  that  they  will 
be  reliable  for  service,  since  in  service  they  will  be  subject  to 
uniform  temperature  conditions  and  will  be  practically  free 
from  mechanical  strains.  These  channel  pieces  are  then 
welded  to  steel  headers  so  that  the  whole  unit  becomes  per- 
fectly tight  and  capable  of  standing  a  high  pressure,  ^he 
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headers  of  these  units  tenninate,  as  shown,  in  taper  nozzles, 
which  fit  into  taper  holes  in  the  bus  header  at  the  bottom  and 
into  a  vapor  chest  at  the  top.  A  curved  liquid  duct  connects 
the  vapor  chest  to  the  bottom  header  at  the  hot  end  so  that 


the  heating  units  which  are  exposed  to  the  greatest  heat  re- 
ceive  the  most  direct  supply  of  liquid.  In  these  hot  units,  a 
larger  internal  space  will  be  allowed  than  in  the  units  which 
occupy  the  cold  part  of  the  boiler,  so  that  the  colder  part  will 
not  carry  an  unnecessary   amount  of  liquid. 
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If  these  heating  units  will  remain  tight,  and  the  success  of 
experiments  indicates  that  they  will,  it  will  be  impossible  for 
liquid  mercury  or  vapor  to  escape  except  at  the  joints  where 


Fig.   8 — Sectional  View  of  Upper  Main  Header,  Mercury  Boiler 

these  headers  connect  to  the  bus  headers  and  to  the  vapor  chest, 
or  at  the  joints  through  which  the  vapor  is  conveyed  to  the 
turbine.  To  gtiard  against  loss  through  leakage  in  such  places, 
arrangements  have  been  made,  as  shown  in  Figs.  8  and  9,  by 


Fig.   9 — Sectional  View  of  Lower  Main  Header,  Mercury  Boiler 


which  the  sets  of  joints  at  the  top  and  bottom  of  the  boiler  are 
enclosed  in  boxes  which  are  practically  air-tight,  the  bolts  used 
in  tightening  these  joints  extending  outside  of  the  boxes  in  such 
a  manner  that  a  leaky  joint  can  be  drawn  up.     These  boxes 
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are  connected  by  ducts  to  a  condensing  cooler  in  which  low 
pressure  is  maintained  by  suction  from  the  base  of  the  stack 
or  from  any  other  sufficiently  exhausted  place.  This  suction 
will  maintain  within  the  boxes  a  pressure  lower  than  any  of 
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Fig.  10 — Mercury  Boiler  Setting 


the  pressures  which  surround  them,  so  that  there  will  be  a  con- 
stant indraft  of  air  through  such  leaks  as  may  exist  and  a  flow 
of  all  liquid  or  vapor  which  may  escape,  into  the  cooler,  where 
it  will  be  carried  through  passages  over  water  pipes  until  all 
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the  vapor  is  condensed  and  nothing  but  cool  air  and  gas  is  dis- 
charged. In  a  similar  manner,  any  joints  in  the  system  which 
might  possibly  be  subject  to  leakage  can  be  enclosed  by  boxes 
and  connected  to  this  same  cooler.  By  this  means,  all  possible 
leakage,  except  that  which  may  occur  in  heating  units,  will  be 
effectively  caught. 

In  case  there  should  be  loss  of  mercury  in  any  of  the  heating 
units,  means  are  provided  by  which  such  loss  can  be  quickly 
discovered  before  any  large  amount  has  escaped.  The  feed  of 
each  boiler  is  so  arranged  that  it  is  governed  automatically 
by  the  difference  of  pressure  between  the  lower  header  from  which 
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Fig.    lOA — Sections  of  Mercury  Boiler  Settjng  shown  in  Fig.  10 


liquid  circulates  and  the  pressure  in  vapor  chest,  this  being  the 
force  necessary  to  produce  sufficient  circulation.  Back  of  the 
valve  which  admits  the  feed,  there  is  a  reserve  chamber,  and 
connecting  means  are  provided  by  which  the  level  of  liquid  in 
this  reserve  chamber  is  visible  to  the  fireman.  In  case  loss  of 
this  liquid  is  apparent,  the  doors  would  be  opened,  the  fire 
drawn,  and  the  liquid  drained  out  of  the  boiler  into  a  receiving 
tank.  The  boiler  can  then  be  tested  with  air  pressure  and  the 
leaky  elements  can  be  replaced,  the  construction  being  such 
that  any  one  of  these  elements  can  be  taken  out  without  dis- 
turbing the  others. 

The  arrangements  of  the  turbine  have  also  been  improved  as 
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the  result  of  experience.  The  first  turbine  arranged  was  made 
from  an  old  experimental  steam  turbine  and  had  many  jcnnts 
which  were  difficult  to  keep  vacuum-tight.  The  new  experi- 
mental turbine  has  only  one  joint,  arranged  in  a  manner  which 
has  been  experimented  with  and  which  will  avoid  leakage. 

The  condensing  boiler  used  in  the  experiment  now  in  prepa- 
ration is  made  from  a  standard  high-pressure  feed  heater 
having  a  water  space  at  the  top  and  bottom  connected  by  tubes 
in  the  manner  customarily  used  in  such  devices.  This  boiler 
has  apparently  worked  satisfactorily  and  produced  steam  from 
mercury  vapor  in  the  manner  expected.  It  is  not,  however, 
considered  a  suitable  design  for  the  purpose,  since  the  tem- 
perature differences  impose  a  strain  on  the  expanded  tube  sheets. 
It  is  thought  that  tubes  attached  at  one  end  with  concentric 
circulation  after  the  manner  of  the  Nicholaus  boiler  will  afford 
the  most  satisfactory  method  for  such  condensers.  Since  no 
violent  temperature  differences  will  exist,  it  is  believed  that 
these  condensing  boilers  can  be  made  practically  free  from  de- 
terioration and  entirely  free  from  leakage. 

As  has  been  said,  the  turbine  is  provided  with  a  centrifugal 
packing  and  is  kept  sealed  by  a  constant  admission  of  liquid 
mercury  from  a  suitable  level  in  the  condensing  boiler.  The 
turbine  is  also  provided  with  a  throttle  valve  which  can  be  used 
in  governing,  and  with  a  bypass  valve  which  allows  the  vapor 
to  pass  directly  to  the  condensing  boiler  in  case  the  admission 
to  the  turbine  is  shut  off. 

Proposed  Method  op  Commercial  Application 
The  plan  which  has  been  considered  for  commerdaUy  apply- 
ing this  process  is  to  produce  a  simple  type  of  tmit  suitable  for 
installation  in  the  same  floor  space  occupied  by  a  standard 
500-h.p.  steam  boiler.  This  unit  would  be  so  proportioned 
that  the  steam  output  of  the  condensing  boiler  would  equal 
that  obtainable  from  the  standard  500-h.p.  boiler.  For  each 
of  these  boiler  units,  a  separate  turbine  and  generator  would 
be  provided,  the  nature  of  this  process  being  such  that  there 
is  no  loss  of  efficiency  involved  in  such  multiplication  of  g^ett- 
erating  tmits. 

Since  it  would  never  be  desirable  to  operate  these  mercury- 
driven  generating  units  alone,  the  generators  could  be  made 
either  of  the  induction  or  synchronous  type,  completely  en- 
closed, with  an  air  supply  from  some  clean  outside  source. 


Digitized  by 


Google 


1913]  EMMET:  MERCURY  TURBINE  2149 

Their  circuits  wotild  run  to  the  main  switchboard,  they  would 
need  no  attendance,  and  the  space  arotmd  them  would  not 
have  to  be  kept  either  cool  or  clean,  although  it  wotild  generally 
be  possible  to  get  them  within  an  enclosure  which  would  not  be 
exposed  to  the  fire-room  dirt.  By  such  means  a  single  set  of 
parts  or  combinations  of  a  few  standard  parts  could  be  made  to 
cover  a  very  wide  demand,  and  this  would  greatly  simplify  the 
commercial  introduction  of  such  a  process. 

Without  the  acetylene  welding  process,  a  satisfactory  mercury 
boiler  design  would  be  very  much  more  difficult  to  arrive  at. 
The  manufacture  of  such  boilers  as  are  here  described  would 
involve  a  very  large  amount  of  acetylene  welding,  requiring 
great  care  and  a  considerable  expense. 

The  possible  cost  of  the  commercial  application  of  such  a 
process  has  not  been  carefully  studied.  It  has,  however,  been 
roughly  estimated  that  if  existing  stations  were  converted  to 
this  method,  the  cost  per  kilowatt  of  added  power  would  not 
exceed  the  present  cost  per  kilowatt  of  well-designed  steam 
stations,  not  including  the  cost  of  real  estate.  Thus  this  pro- 
cess, if  successftil,  wotild  greatly  extend  the  capacity  of  exist- 
ing stations  and  postpone  the  btiilding  of  new  stations,  the  sav- 
ing would  about  cover  the  real  estate  values,  and  the  gain  in 
fuel  economy  over  that  of  the  best  existing  plants  should  be 
about  46  per  cent. 

Such  a  process,  with  the  most  efficient  oil  firing  of  boilers, 
ought  to  give  a  fuel  economy  very  near  to  that  which  is  com- 
mercially obtainable  by  Diesel  engines,  and  its  mechanical 
simplicity  and  freedom  from  the  probability  of  deterioration 
should  give  it  a  very  decided  advantage  over  the  Diesel  engine. 
While  it  is  not  wise  to  make  definite  predictions  about  any- 
thing so  radically  new,  it  certainly  appears  to  the  writer  that 
this  process  is  worthy  of  very  careful  study. 
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Advancb  Report  to  the  U.  S.  National  Committee  on  the 
Berlin  Meeting  op  the  International  Electrotechnical 

Commission 


The  following  report  is  intended  to  outline  the  results  attained 
at  the  recent  meeting  of  the  I.  E.  C,  in  Berlin,  (September 
1st  to  6th,  1913)  for  the  information  of  the  U.  S.  committee- 
members,  in  advance  of  official  reports  from  the  General  Sec- 
retary of  the  Commission,  with  respect  to  which  official  reports, 
this  preliminary  statement  must  of  course  be  subordinate,  and 
subject  to  amendment  in  detail. 

The  Berlin  meeting  was  the  fifth  meeting  which  the  I.  E.  C. 
has  held;  but  it  was  the  second  plenary  meeting,  since  three  of 
the  meetings  have  been  of  semi-official  character  only.  It  was 
well  attended,  since  24  nations  were  represented  by  some  70 
delegates,  all  told.  It  was  the  first  meeting  held  in  Germany, 
and  the  German  Government  was  represented  by  President 
Dr.  E.  Warburg  of  the  Physikalisch-Techniche  Reichsanstalt, 
Geheimrat  Dr.  K.  Stecker,  Dr.  Jaeger,  and  others. 

In  the  absence  of  the  President  of  the  I.  E.  C,  Dr.  Budde, 
who  was  unfortunately  prevented  by  illness  from  attending, 
Dr.  Warburg  presided  at  the  official  opening  on  September  1st. 
An  address  of  welcome  was  read  by  Dr.  Lewald,  the  Director  of 
the  German  Ministry  of  the  Interior.  The  address  was  re- 
sponded to  by  Prof.  Paul  Janet  of  the  Laboratoire  Centrale  de 
Paris.  Mr.  Alexander  Siemens  presided  at  the  official  closing 
meeting. 

The  sessions  of  the  Commission  at  Berlin  were  of  four 
kinds;  namely  (1)  official  plen^ury  meetings  of  formal  opening 
and  final  ratification,  (2)  international  sub-committee  meetings 
on  special  subjects  on  the  1st  and  2nd  Sept.,  where  the  hardest 
work,  was,  naturally,  undertaken;  (3)  unofficial  or  working  meet- 
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ings,  on  3rd  and  4th  Sept.,  at  which  the  sub-committee  reports 
were  presented  to  the  main  body,  discussed,  and  acted  upon; 
and  (4)  a  final  Council  meeting  for  the  election  of  officers  for 
the  ensuing  term,  and  other  formal  administrative  business. 
There  were  four  international  sub-committees  appointed  at 
Turin  in  1911,  two  of  which  had  been  in  existence  prior  to  the 
Turin  meeting;  these  committees  were  constituted  and  convened 
as  follows: 
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Nomenclature.  The  committee  on  Nomenclature  presented 
an  exceUent  report,  which  was  adopted  at  the  plenary  meeting. 
It  contained  some  80  electrotechnical  terms  and  defimtions, 
in  EngUsh  and  French.  The  list  is  too  long  to  be  presented  in 
this  outline  report. 

Symbols.    The  committee  on  Symbols  submitted  a  report. 
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in  French,  which  was  adopted  at  the  plenary  meeting.  An  Eng- 
lish rendering  is  appended  hereto  as  Appendix  A.  It  will  be 
seen  that  symbols  have  been  internationally  agreed  upon  for 
36  quantities.  In  cases  of  nearly  half  of  them,  however,  (16), 
agreement  could  not  be  reached  upon  a  single  symbol;  so  that 
for  these  an  alternative  is  offered.  Designating  letters,  or  letter- 
groups,  are  provided  for  15  electrical  units  in  common  use. 
Standard  abbreviations  for  29  metric  units  are  also  agreed  upon. 
Seven  common  mathematical  symbols  are  recorded,  including 
both  i  and  j  for  V-l,  according  to  the  preference  of  the  writer. 

Rating,  The  committee  on  Rating  was  confronted  with  an 
exceptionally  heavy  task.  This  committee  held  meetings  in 
Paris  in  1912  and  in  Zurich  in  1913.  It  published  its  work  at 
those  meetings  tmder  I.  £.  C.  Publications  Nos.  17  and  20. 
Moreover,  General  Secretary  leMaistre,  in  I.  E.  C.  Publication 
9,  of  August,  1911,  presented  the  electric  machinery  rating 
rules  of  various  cotmtries  in  a  form  adapted  to  comprehensive 
comparison.  Yet  in  spite  of  all  this  preliminary  work,  it  was 
fotmd  that  essential  issues  leading  to  an  international  rating 
for  such  machinery  had  not  been  clearly  formulated  when  the 
Rating  committee  met  in  Berlin.  In  fact,  considering  our  own 
committee  alone,  it  is  debatable  whether  a  satisfactory  technical 
basis  for  the  rating  of  electrical  machinery  had  been  reached  in 
America  prior  to  the  Midwinter  Convention  of  the  A.  I.  E.  E., 
held  tmder  the  auspices  of  its  Standards  Committee,  in  February, 
1913.  Consequently,  the  fact  that  complete  international  agree- 
ment upon  international  rating  rules  was  not  reached  at  Berlin 
need  not  occasion  great  surprise. 

Just  before  the  Berlin  convention  of  the  I.  E.  C,  the  U.  S. 
delegation  had  the  advantage  of  meeting  with  a  Section  of  the 
Engineering  Standards  Committee  of  Great  Britain,  which  in- 
cluded the  British  delegation — in  London  on  Aug.  23rd,  and 
again  in  Berlin,  on  Aug.  31st.  At  these  meetings  the  viewpoints 
of  the  British  and  American  committees  were  carefully  compared, 
and  adjusted  into  uniformity  on  many  matters  relating  to  in- 
ternational rating.  In  effecting  this  valuable  parallelisation 
of  technical  views  between  the  two  committees,  Mr.  H.  M. 
Hobart  of  our  conmiittee  rendered  signal  service.  The  com- 
plete conformity  between  the  views  of  these  two  national  com* 
mittees  on  the  points  of  immediate  importance  in  Rating  was 
probably  helpful  to  the  I.  E.  C.  International  Committee  oo 
Rating,  in  reaghing  a  dear  determination  of  the  extent  to  which 
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international  opinion  was  in  agreement  or  disagreement,  thus 
paving  the  way  for  reaching  a  final  agreement  at  some  future 
convention,  let  us  hope  at  San  Prandsco. 

Complete  agreement  was  reached  in  the  I.  E.  C.   Rating 
Committee  on  the  principle  of  defining  the  rating  of  an  elec- 
trical machine,  so  far  as  thermal  behavior  is  concerned,   by 
a  limiting  internal  or  "  hottest  spot  "  temperature,  as  judged 
by  a  definitely  lower  maximum  measured  temperature  attained 
in  the  apparatus.     A  list  of  such  maximum  permissible  measured 
temperatures  for  certain   different    classes   of   insulation    -was 
agreed  on  for  machines  up  to  four  kv.  in  e.m.f .    In  order,  there- 
fore, to  fix  upon  the  international  rating,  it  was  only  necessary 
to  settle  upon  an  internationally  conventional  reference-tem- 
perature, or  circumambient  room-temperature.     Thus,  in  the 
case  of  impregnated  cotton  windings,  up  to  four  kv.,  the  maxi- 
mum permissible  measured  temperature  was  set  at   90   deg. 
cent.     If   the   international   reference   temperature,   or   initial 
ambient  temperature,  is  taken  as  say  40  deg.  cent.,  then  it  follows 
that  the  international  rating  of  a  machine  for  continuous  service 
is  that  output  which  will  finally  bring  the  measured  accessible 
temperature  from  40  deg.  to  90  deg.  cent.,  or  will  tetablish  a 
temperature  rise  of  50  deg.  cent.     When  working  at  an  actual 
ambient  temperature  of  40  deg.  cent.,  the  available  output  would 
be  the  same  as  the  international  rating.     When  working  at  an 
actual^  ambient  temperature  of  say  30  deg.  cent.,  the  available 
output  would  be  greater  than  the  international  rating,  roughly  in 
the  ratio  (60  /SO)'  or  say  1.13;  whereas,  when  working  at  an 
actual  ambient  temperature  of  say  50  deg.  cent.,  assuming  that 
the  shunt    windings    of    the   machine  could  be  operated   at 
so  high   a  temperature,    the  available  output  would  be  less 
than  the  international  rating,  roughly  in  the  ratio  (40/50)*,  or 
the   machine   would   have   to   be  derated  about  16  per  cent. 
The   advantage   of   selecting    a   fairly  high  international  am- 
bient   temperature    is    that    the    number    of    localities    will 
be    reduced   in   which,    by    reason    of    climatic    or    locally 
developed  high  temperatures,  the  machine  must  be  derated, 
or  the  piuchaser  warned  against  taking  from  it  an  output  equal 
to  its  international  rating.     On  the  other  hand,  a  fairly  lowin- 
tenuitional  ambient  temperature  has  the  advantage  of  increasing 
the  international  rating  of  a  given  machine.    That  is,  a  fairly 
high  international  ambient  temperature  makes  for  safety  in 
applying  a  load  equal  to  the  rating,  under  summer  conditions 
"  "^rvice,  but  tends  to  diminish  the  rating. 
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It  is  only  reasonable  to  expect  that  cool  countries,  Ijring  on 
the  anti-torrid  sides  of  the  temperate  zones,  should  desire  to 
set  their  local  or  national  ambient  temperatures  correspondingly 
low,  so  as  to  avail  themselves  of  the  full  benefit  of  greater  avail- 
able output  that  their  cool  climates  permit,  and  that  such  coun- 
tries should  prefer  to  have  the  international  ambient  temperature 
set  at  the  same  level,  so  as  to  have  the  same  rating  internationally 
as  locally;  even  if  the  machines  have  frequently  to  be  derated  in 
warmer  climates  or  in  engine  rooms.  So  too,  it  is  likewise  rea- 
sonable to  expect  that  countries  subject  to  warm  weather  in 
summer  should  prefer  to  have  a  higher  and  safer  ambient  tem- 
perature in  their  local  or  national  standardization  rules,  in  order 
to  avoid  frequent  derating. 

It  was  foimd  that  the  great  majority  of  the  delegates  at  the 
Berlin  meeting  favored  40  deg.  cent,  for  the  ambient  temperature 
of  reference,  as  recommended  at  the  A.I.E.E.  midwinter  con- 
vention, with  an  international  continuous  rating  for  machines 
of  impregnated  cotton  winding  corresponding  to  50  deg.  cent, 
rise.  But  two  countries  of  northern  Europe  held  out  for  35 
deg.  cent,  ambient  temperature,  and  therefore  a  rating  based 
on  55  deg.  cent.  rise.  The  delegates  from  those  countries  in- 
timated that  the  50  deg.  cent,  rise  rating,  as  recommended  for 
the  A.  I.  E.  E.  Standardization  Rules,  was  over-conservative, 
and  that  a  rating  based  on  55  deg.  cent,  rise,  or  nearly  10  per 
cent  more,  was  safe  and  proper.  The  50-deg.  cent.-rise  dele- 
gates maintained,  on  the  other  hand,  that  the  majority  of  places 
in  the  habitable  world,  where  dynamo-electric  machinery  was 
operated,  were  subject  to  distinctly  higher  summer  ambient 
temperatures  than  35  deg.  cent.;  so  that  it  was  to  the  interest 
of  international  electrical  engineering  that  the  international 
rating  should  be  kept  down  to  a  conservative  value,  in  order 
to  minimize  the  need  for  summer  derating,  or  precautions  against 
summer  overheating  under  international  rating  load.  No 
agreement  could  therefore  be  reached,  and  the  question  of 
ambient  reference  temperatures  was  referred  back  to  the  various 
national  committees  for  further  consideration. 

On  all  other  points  of  immediate  importance  to  continuous 
rating,  agreement  was  reached.  Thus,  it  was  admitted  that 
overloads  should  not  be  recognized  in  international  rating; 
i.«.,  that  an  international  rating  for  continuous  service  should 
specify  one  maximum  permissible  output  only,  and  recognize 
no  extras;  although  it  would  manifestly  lie  within  the  province 
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of  an  operating  engineer  to  increase  the  load  above  the  inter- 
national rating  load  in  winter  time,  or  iinder  any  conditions 
when  the  temperatures  attained  in  the  machine  were  well  below 
the  specified  maximum  permissible  limits.  As  soon,  therefore, 
as  an  international  ambient  temperatxu^  can  be  agreed  upon, 
international  rating  of  the  great  majority  of  machines  will 
thereby  be  immediately  determined.  At  the  present  time,  how- 
ever, it  is  manifest  that  one  and  the  same  machine  is  subject 
to  diflEerent  ratings  in  different  countries;  or,  in  other  words, 
that  different  countries  rate  their  machines  in  a  materially 
different  way. 

The  report  of  the  I.E.C.  Rating  Committee,  shorn  of  all 
specifications  as  to  international  ambient  temperature,  or  as  to 
temperature  rise  for  the  international  rating,  was  then  adopted 
by  the  plenary  meeting,  and  will  doubtless  be  issued  by  the  Cen- 
tral office  in  due  coiu-se.  The  list  of  maximtmi  permissible 
measxu'ed  temperatures  appears  in  Appendix  B  herewith. 

Prime  Movers.  The  committee  on  Prime  Movers  presented 
an  excellent  report  dealing  mainly  with  the  definitions  and 
nomenclature  of  hydroelectric  installations.  This  report  was 
also  adopted  by  the  plenary  meeting,  and  may  be  expected  to 
appear  later  in  the  official  proceedings  of  the  Berlin  Meet- 
ing. 

Annealed  Copper  Standard.  The  subject  of  an  International 
Standard  of  Annealed  Copper  was  also  dealt  with  at  the  con- 
vention. It  will  be  remembered  that  the  Bureau  of  Standards, 
at  the  request  of  the  A.  I.  E.  E.  Standards  Committee,  took 
up,  in  1910,  the  computation  of  a  new  Standard  Copper  Wire 
Table;  because  recent  investigations  had  shown  that  the  tem- 
perature coefficient  of  resistivity  employed  in  the  old  Institute 
Copper  Wire  Table,  computed  by  the  Standards  Committee 
in  1893  from  Matthiessen's  data,  was  inaccurate.  The  Bureau 
undertook  the  task,*  and  made  an  extensive  preliminary  inves- 
tigation of  both  the  resistivity  and  the  resistivity  temperature-co- 
efficient of  copper  wire  employed  industrially  in  America.  The 
Bureau  found  that  the  mean  value  of  resistivity  of  good  annealed 
industrial  copper  in  the  United  States,  expressed  in  terms 
of  the  meter-gram,  or  resistance  of  a  wire  one  meter  long  weigh- 
ing one  gram,  was,  at  20  deg.  cent.,  nearly  0.153  ohm;  whereas 
Matthiessen's  standard,  as  interpreted  in  the  A.  I.  E.  E.  Trans- 

*See  Circular  No.  31  of  the  Bureau  of  Standards,  "  Copper  Wire 
Tables",  2nd  Edition,  January  1,  1914. 
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ACTIONS,  was  represented  by  a  meter-gram  of  0.15302  ohm  at 
20  deg.  cent.  Consequently,  the  Bureau  accepted  the  meter-gram 
of  0.15302  international  ohm  at  20  deg.  cent,  as  the  annealed 
copper  standard,  with  a  temperature-coefficient  of  0.00393  per 
deg.  cent,  from  and  at  20  deg.  cent.  In  1911,  the  Bxirieau  pre- 
pared to  issue  new  wire  tables  based  on  the  above  values.  When, 
however,  these  data  were  presented  to  electrical  engineers  in 
Exirope,  with  a  view  to  arriving  at  an  international  agreement 
on  the  electrical  properties  of  standard  annealed  copper  wire, 
small  differences  in  data  among  the  various  countries  revealed 
themselves.  A  proposal  was  then  made,  in  Germany,  to  adopt 
a  standard  copper  conductivity  as  represented  by  a  conductance 
of  58.00  mhos  in  an  annealed  copper  wire,  at  20  deg.  cent., 
having  a  length  of  one  meter  and  a  cross-section  of  one  sq.  mm. 
Such  a  standard  corresponds  to  a  meter-gram  of  0.15328  ohm 
at  20  deg.  cent.  This  proposal  met  with  general  favor  among 
the  National  Physical  Laboratories,  was  endorsed  by  the  Bvu-eau 
of  Standards  in  1912,  approved  by  the  Standards  committees 
of  the  A.  I.  E.  E.  and  the  A.  S.  F.  T.  M.  in  1912,  recommended 
by  the  Rating  committee  of  the  I.  E.  C.  in  1912,  was  finally 
agreed  to,  in  the  French  text,  by  representatives  of  the  National 
Physical  Laboratories  in  Berlin  last  September,  and  was  forthwith 
adopted  by  the  plenary  meeting  of  the  I.  E.  C.  A  translation 
into  EngUsh  of  the  French  text  appears  in  Appendix  C,  here- 
with. 

The  adoption  of  one  and  the  same  electrical  standard  resis- 
tivity and  temperature-coefficient  by  the  National  Laboratories 
of  France,  Germany,  Great  Britain  and  the  United  States,  as 
well  as  by  the  L  E.  C.  at  Berlin,  should  ensure  complete  agree- 
ment between  the  future  standard  copper-wire  tables  in  all 
parts  of  the  world,  on  a  conductivity  basis  substantially  the 
same  as  Matthiessen's  standard.  In  fact,  the  differences  which 
have  existed  during  the  last  few  years  between  the  electrical 
copper  standards  of  the  different  coimtries  have  been  unimport- 
ant commercially;  but  have  yet  been  sufficiently  large  to  confuse 
their  ntunerical  comparison.  By  the  action  at  Berlin,  these 
small  ntmierical  discrepancies  should  in  futtire  disappear. 

At  the  Council  meeting  which  followed  the  plenary  meeting, 
M.  Maurice  Leblanc,  of  Paris,  was  imanimously  elected  as  the 
President  of  the  I.  E.  C,  to  succeed  Dr.  Budde.  It  is  expected, 
therefore,  that  he  will  preside  at  the  next  meeting,  at  San 
Francisco,  in  1915.  Col.  Crompton  was  also  imanimously  re- 
elected as  Honorary  Secretary.  ^,y, ...u uy GoOqIc 
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An  important  decision  was  arrived  at  in  the  Council  meeting, 
to  the  effect  that  the  French  text  shall  henceforward  be  consid- 
ered as  the  text  of  reference,  and  that  all  other  texts  shall  be 
considered  as  translations  therefrom.  French  is  more  familiar 
to  the  delegates  at  large  than  any  other  single  language,  and  the 
difficulty  of  maintaining  two  official  records  side  by  side  in  dif- 
ferent languages  is  very  great.  They  can  never  be  brought 
into  such  exact  equivalence  that  reference  to  each,  in  case  of 
minutious  enquiry,  will  give  exactly  the  same  residt.  More- 
over, by  having  a  single  reference  language,  opportunity  is 
opened  for  adding,  in  future,  other  admitted  languages  of  the 
Commission  to  the  printed  records,  at  owners'  risk  and  expense, 
thereby  extending  the  literary  usefulness  of  the  Commission's 
publications. 

The  Spanish  delegates  invited  the  Special  committees  to  hold 
the  next  meeting  in  Madrid,  and  this  will  probably  take  place 
next  April.  Prof.  Chatelain,  the  Russian  delegate,  on  behalf 
of  his  committee,  officially  invited  the  I.  E.  C.  to  hold  a  plenary 
meeting,  in  1917,  at  St.  Petersburg. 

The  German  committee,  in  view  of  the  large  amount  of  work 
to  be  done  at  the  meeting,  very  considerately  refrained  from  over- 
taxing the  delegates  with  social  engagements.  The  entertain- 
ments they  offered,  were,  however,  excellent  in  character,  and 
were  greatly  appreciated. 

The  U.  S.  delegates  attending  the  meeting  were  President 
CO.  Mailloux,  and  Messrs.  Bell,  Hobart,  Kennelly  and  Sharp. 
Mr.  Mailloux  was  elected  the  President  of  the  unofficial  meetings, 
where  the  duties  devolving  on  the  presiding  officer  are  numerous 
and  exacting. 

At  the  plenary  meeting.  President  Mailloux,  in  pursuance 
of  the  invitation  given  in  the  first  instance  by  President  Dunn 
at  Turin,  extended  a  cordial  invitation  on  the  part  of  the  A.  I. 
E.  E.  and  the  American  Committee,  to  hold  a  meeting  of  the 
I.  E.  C,  and  an  International  Electrical  Congress,  at  San  Fran- 
cisco, in  1915.  This  invitation  has  already  been  accepted,  and 
we  may  hope  that  a  large  and  representative  meeting  will  be 
held  there  the  year  after  next. 

Respectfully  submitted, 

A.  E.  Kennelly 

Secretary  U.S.  CommiUee. 
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APPENDIX  A 
An  English  rendering  of  the  Report  of  the  Special  Committee 
on  Symbols  adopted  in  French  at  the  Berlin  plenary  meeting 
of  the  I.  E.  C. 


General  Remarks 

By  confining  oneself  to  Electrotechnics  alone,  it  would  seem 
possible  to  standardize  symbols.  The  following  rules  may 
serve  as  a  guide  to  the  attainment  of  this  object: 

The  sjnnbols  must  be  clearly  distinguishable  one  from  another 
when  writing  with  a  pen  on  paper,  with  chalk  on  a  blackboard, 
and  with  a  typewriter.  In  the  printed  text,  it  is  advisable  to 
use  a  different  type  for  the  symbols  from  that  of  the  text.  It  is 
desirable  that  in  ordinary  handwriting,  one  should  not  be 
obliged  to  add  distinctive  signs  to  symbols  to  specify  the  type 
to  be  employed.  It  should  be  possible  to  spell  out  the  symbols 
when  writing  them  on  the  blackboard.  Finally,  preference 
should  be  given  to  those  symbols  already  in  common  use.  From 
this  it  will  be  seen  that  it  is  impossible  to  make  a  distinction,  in 
ordinary  handwriting,  between  Roman  letters  and  Italics,  and 
that  small  rotmdhand  letters,  being  too  difficult  to  differentiate 
from  the  above,  cannot  be  used.  It  is  generally  agreed  to  aban- 
don Gothic  tjrpe,  as  requiring  too  long  a  time  in  writing.  Finally, 
many  of  the  Greek  capitals  are  identical  with  Roman  capitals. 
Taking  the  above  points  into  account,  there  remain  about  one 
hundred  symbols  available  in  Roman,  Script  and  Greek  type, 
of  which  several  are  already  used  for  mathematical  symbols 
and  which  are  necessary  for  the  purposes  of  the  electrician.  A 
list  of  sjonbols  most  frequently  needed  in  electrotechnics  is 
appended  herewith.  Taking  into  account  certain  sjnnbols  which 
are  occasionally  made  use  of,  it  is  obvious  that  there  will  be 
none  left  for  purely  physical  or  mechanical  quantities.  Thus 
one  may  have,  in  the  same  formula,  electrotechnical  symbols 
as  weU  as  others  used  in  mechanics  and  physics  generally;  this 
is  especially  the  case  in  equations  containing  mass,  moment  of 
inertia,  speed,  density,  temperature,  quantity  of  heat,  etc.  The 
Special  Committee  on  Symbols  suggests,  therefore,  that  in  such 
cases,  for  physical  and  mechanical  quantities,  the  symbol 
habitually  used  by  physicists  and  mechanical  engineers  should 
be  employed,  if  this  symbol  does  not  already  exist  in  the  formula 
as  an  electrotechnical  symbol.  If,  on  the  contrary,  it  already 
exists  in  the  formula,  it  is  desirable  that  it  be  accompanied  by 
a  distinctive  sign  or  that  the  notation  be  changed. 
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Special  Propositions 

rules  for  quantities 

(a)  Instantaneous  values  of  electrical  quantities  which  vary 
with  the  time  to  be  represented  by  small  letters.  In  case  of 
ambigiiity,  they  may  be  followed  by  the  subscript  "  t". 

(6)  Virtual  or  constant  values  of  electrical  quantities  to  be 
represented  by  capital  letters. 

(c)  Maximum  values  of  periodic  electrical  and  magnetic 
quantities  to  be  represented  by  capital  letters  followed  by  the 
subscript  "  m." 

(d)  In  cases  where  it  is  desirable  to  distinguish  magnetic 
quantities  (constant  or  variable)  from  electric  quantities,  mag- 
netic quantities  should  be  represented  by  capital  letters  of  either 
script,  heavy-faced,  or  other  special  type.  Script  letters  should 
not  be  used  except  for  magnetic  quantities. 

(e)  Angles  should  be  represented  by  small  Greek  letters. 

(/)  Dimensionless  and  specific  quantities  should  be  represented 
wherever  possible  by  small  Greek  letters. 

1.  Ordinary  numerals  as  exponentials  shall  exclusively  be 
used  to  represent  powers.  (In  consequence,  it  is  desirable  that 
the  expression  sin~*  jc,  tan  ~^  jc,  employed  in  certain  countries, 
be  expressed  by  arc  sin  jc,  arc  tan  x,) 

2 .  The  comma  and  the  full-stop  shall  be  employed  according 
to  the  custom  of  the  country,  but  the  separation  between  any 
three  digits  constituting  a  whole  number  shall  be  indicated  by 
a  space  and  not  by  a  full-stop  or  a  comma  (1  000  000). 

3 .  For  the  multiplication  of  numbers  and  geometric  quantities, 
indicated  by  two  letters,  it  is  recommended  to  use  the  sign  X ,  and 
the  full-stop  only  when  there  is  no  possible  ambiguity. 

4.  To  indicate  division  in  a  formula,  it  is  recommended  that 
the  horizontal  bar  and  the  colon  be  employed.  Nevertheless 
the  oblique  line  may  be  used  when  there  is  no  possibility  of 
ambiguity;  when  necessary,  ordinary  brackets  (),  square 
brackets  [],  and  braces  { |  may  be  employed  to  obtain  clearness. 
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Tables  op  Symbols  Proposed — i.  quantities 


Namb  of  Quantity 


Symbol 


Symbol  reoommended  for  the 

case  in  which  the  principal 

symbol  is  unsuitable 


1.  Length 

2.  Mass 

3.  Time 

4.  Angles 

5.  Acceleration  of  gravity 

6.  Work 

7.  Energy 

8.  Power* 

9.  Efficiency 

10.  Number  of  turns  in  unit  of  time 

11.  Temperature  centigrade 

12.  Temperature  absolute  . 

13.  Period 

14.  Angular  frequency  (2ir/7^ 
16.  Frequency 

16.  Phase  displacement 

17 .  Electromotive  force 

18.  Current 

19.  Resistance 

20.  Resistivity 

21.  Conductance 

22.  Quantity  of  electricity 

23.  Electrostatic  flux-density 

24.  Capacity 

25.  Dielectric  constant 

26.  Self-inductonce 

27.  Mutual  inductance       •     . 


28.  Reactance 

29 .  Impedance 

30.  Reluctance 


a. 


31.  Magnetic  flux 

32.  Magnetic  flux-density     ■ 

33.  Magnetic  field 

34.  Intensity  of  magnetization 

35.  Permeability 

36.  Susceptibility 


/ 

m 
/ 

£ 
A 
W 
P 

n 
t 

T 
T 
CO 

/ 

E 

I 
R 

P 

G 

Q 
D 
C 

€ 
L 


X 

z 

s 

B 
H 
J 
M 

K 


In  dimensional  equa- 
tions the  capital  let 
ters  L,  Mt  T,  are  to 
be  employed. 

W 
U 


0d 
G 


£  or  heavy -faced  or 

special  type. 
911  or  heavy-faced  or 
special  type. 

9C 

% 
(R  or  heavy-faced  or 

special  type. 
(F  or  heavy-faced  or 

special  type. 
(B  or  heavy-faced  or 

special  type. 
X,  or  heavy-faced  or 

special  type. 
3  or  heavy-faced  or 

special  type. 


*  A  symbol  for  "  Power."  in  the  second  column,  is  left  "  with  power  "  to  the  Austrian 
and  German  committees,  to  be  inserted  by  them. 

**  This  letter  tf  may  be  suppressed  later  at  the  instance  of  th«  Austrian  and*  OfXAlui 
committees. 

t  A  symbol  for  conductance  in  the  second  column  is  left  "  with  power  "  to  the  Austrian 
and  German  committees,  to  be  inserted  by  them. 

Y  The  German  delegate  makes  reservations  as  to  symbols  Noa.  13.  14. 20. 23, 26. 27       ^ 
to  31,  which  are  not  yet  accepted  in  Germany,  but  does  not  oppoM  their  adoption  by  the     1 1  p 
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11.       UNITS.      SIGNS  FOR  NAMBS  OF  UNITS 

Sign  for  names  of  Electrical  Units  to  be  used  only  after  numerical 
values. 


Name  of  Unit 
1     Ampere               

Sign 
A 

V 

* 

2.  Volt 

3.  Ohm        

4.   Coulomb 

c 

5.  Joule 

J 

6    Watt 

w 

7.   Farad 

p 

8.  Henry 

H 

9.  Volt-coulomb 

VC 

Wh 

VA 

Ah 

mA 

kW 

kVA 

kWh 

10    Watt-hour          

11.  Volt-ampere 

12.  Ampere-hour 

13.  Milliampere 

14     Kilowatt 

15.   Kilovolt-ampere 

16     Kilowatt-hour 

m  sign  for  milli- 

k  sign  for  kilo- 

/i  sign  for  micro-  or  micr- 

M**  sign  for  mega-  or  meg- 

*  One  or  other  of  the  symbols  O  and  O  is  recommended  provisionally  to 
represent  the  ohm.  The  symbol  O  should  no  longer  be  employed  for  the 
megohm. 

**  Greek  capital  letter. 


III. 


MATHEMATICAL   SYMBOLS   AND   RULES 


Name 

Symbol 

Symbol  recommended 

for  the  case  in  which 

the  principal  symbol  is 

unsuitable 

Total  differential 

Partial  differential 

Base  of  Napierian  logarithms    . 

Imaginary  V  —  l 

Ratio  of  circumference  to  diameter 
Summation 

Summation,  integral       .... 

d 
S 

e 
i 

IT 
I 

f 

d 

€ 

i 
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IV.       MISCELLANEOUS  ABBREVIATIONS  FOR  WEIGHTS  AND  MEASURES. 

Length:  m;  km;  dm;  cm;  mm;  /i  =  0.001  mm. 

Surface:  a;  ha;  m*;  km*;  dm*;  cm';  mm*. 

Volume:  1;   hi;   dl;   cl;   ml;   m';   km*;   dm*;   cm*;  mm*. 

Mass:  g;   t;   kg;   dg;   eg;   mg. 

Speed  Notation 

The  Special  Committee  on  Symbols  refers  the  question  of 
finding  a  suitable  name  for  "  speed  of  rotation  expressed  in 
revolutions  per  minute  "  to  the  Special  Committee  on  Nomen- 
clature. 

The  I.  E.  C.  recommends  to  the  International  Electrical 
Congress  of  San  Francisco  the  adoption  of  the  name  "  Siemens  " 
for  the  practical  unit  of  conductance. 

APPENDIX  B 
Limits  of  Observable  Temperatures  Adopted  by  the 
I.  E.  C.  IN  September,  1913 
Applicable  only  to  windings  for  rotating  machinery,  the 
terminal  pressures  of  which  do  not  exceed  4000  volts,  and  to 
dry  transformers  with  solidly  impregnated  coils  up  to  10,000 
volts. 

Non-impregnated  cotton 80  deg.  cent. 

Impregnated  cotton  or  paper — general 90     "       " 

'^                "      single-layer  field  coils,  station- 
ary or  moving) 95     "       ** 

"                "      stationary   coils   solidly   im- 
pregnated throughout 95     **       ** 

**  "      Rotor    and    stator    windings 

having    the    slot    portion 
solidly      impregnated      or 

molded 95     «       « 

Enameled  wire  (without  cotton) 105     "       " 

Mica,  micanite,  asbestos — general 115     "       ** 

"  "       single-layer  field-coils,  stationary 

or  moving 120     "       ** 

**              "       stationary   coils   solidly   impreg- 
nated or  moulded 120     *       * 

Windings  permanently  short-circuited. 

Insulated 100     "      * 

Non-insulated 110     "       * 

Commutators — slip  rings 90     *       * 

Bearings 80     "       ** 

The  temperature  limits  for  oil-immersed  transformers  were 
not  assigned.  ^,y, ,,,,  ,^  GoOgle 
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APPENDIX  C 
Translation  from  the  French  text  adopted  at  Berlin  on  the 
Annealed  Copper  Standard, 

Report   op  the   National   Laboratories   Concerning   an 
International  Standard  for  Copper 
I.  Annealed  Copper 
The  following  values  should  be  taken  as  normal  for  annealed 
standard  copper. 

1 .  At  20  deg.  cent.,  the  resistance  of  an  annealed  copper  wire 
1  meter  long  and  having  a  uniform  cross-section  of  1  sq.  mm. 
is  1/58  ohm  =  0.017241. .  .ohm. 

2.  At  20  deg.  cent.,  the  density  of  annealed  copper  is  8.89 
grams  per  cu.  cm. 

3.  At  20  deg.  cent.,  the  coefficient  of  variation  of  resistance 
with  temperatvu-e  of  annealed  copper,  measured  between  poten- 
tial terminals  rigidly  attached  to  the  wire  (constant  mass),  is 
0.00393  =  1/254.5  per  deg.  cent. 

4.  Consequently,  it  follows  from  (1)  and  (2)  that,  at  20  deg. 
cent.,  the  resistance  of  an  annealed  copper  wire  of  tmiform  cross- 
section  1  meter  long  and  having  a  mass  of  1  gram  is  (1/58)  X 
8. 89,  or  0.15328...  ohm. 

II.  Industrial  Copper 

1.  The  conductivity  of  aimealed  copper  should  be  expressed 
at  the  temperature  of  20  deg.  cent,  in  percentage  of  that  of 
standard  annealed  copper,  and  ordinarily  to  a  precision  of  0 . 1 
per  cent. 

2 .  The  percentage  conductivity  of  annealed  industrial  copper 
should  be  computed  in  accordance  with  the  following  rules: 

(a)  The  observation  temperature  should  not  differ  from  20 
deg.  cent,  by  more  than  10  deg.  cent. 

(6)  The  resistance  of  a  wire  of  industrial  copper  one  meter 
long  and  of  one  sq.  mm.  cross-section,  increases  0 .  000068  ohm 
per  deg.  cent. 

(c)  The  resistance  of  a  wire  of  industrial  copper  one  meter 
long  and  of  one  gm.  mass,  increases  0.00060  ohm  per  deg.  cent. 

(d)  The  density  of  industrial  annealed  copper  at  20  deg.  cent. 
should  be  taken  as  8.89  gm.  per  cu.  cm. 

This  value  of  the  density  should  always  be  employed  in  the 
computation  of  conductivity  in  percentage  of  that  of  the  annealed 
copper  standard. 

It  follows  from  the  above  that  if  i?  is  the  resistance  in  ohms, 
at  t  deg.  cent,  of  a  wire  having  a  length  of  L^x^^^^s^BxAji  mass 
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of  m  grams,  the  resistance  of  a  wire  of  the  same  copper  one 
meter  long  and  one  sq.  mm.  cross-section  will  be 

Rm/  (P  X  8.89)  ohms  at  /  deg.  cent,  and 

Rm/  (P  X  8.89)  +  0.000068  (20  -  /)  ohms  at  20  deg.  cent. 

The  percentage  conductivity  of  this  copper  is  thus 

0.01724 


100  X 


PX8 


^^        +0.000068(20-/) 


Similarly,  the  resistance  of  a  wire  of  the  same  copper  one  meter 

long  and  one  gm.  in  weight  is 
Rm/P  ohms  at  /  deg.  cent.,  and 
Rm/P  +  0.00060  (20  -  0  ohms  at  20  deg.  cent. 
The  percentage  conductivity  is  thus: 

0.1533 
100  X 


^  +  0.00060(20-0 


Note  1 .  The  standard  values  given  in  (I)  are  mean  values 
deduced  from  a  large  number  of  tests.  Among  a  niunber  of  sam- 
ples of  copper  of  normal  conductivity,  the  density  may  differ  from 
normal  density  up  to  0.6  of  one  per  cent,  and  the  temperatxu"e 
coefficient  of  resistivity  may  differ  from  the  normal  up  to  one 
per  cent;  but  between  the  limits  indicated  in  (II)  these  deviations 
will  not  affect  the  values  of  the  computed  percentage  con- 
ductivity, if  the  resulting  values  are  limited  to  four  significant 
digits. 

Note  2.  The  values  above  stated  correspond  to  the  follow- 
ing physical  constants  for  standard  annealed  copper,  all  at  the 
temperature  of  0  deg.  cent. 

Density,  8.90  gm.  per  cu.  cm. 

Coefficient  of  linear  expansion  0.000017  per  deg.  cent. 

Resistivity,  1 .  5879*  microhm-cm. 

Volume  resistivity  temperature-coefficient  0.00429* per  deg. 
cent,  from  and  at  0  deg.  cent. 

Resistance  temperature  coefficient  at  constant  mass,  0.00427 
=  1/  234.5  per  deg.  cent,  from  and  at  0  deg.  cent. 

♦These  two  numerical  values  will  probably  be  changed  to  1.5880  and 
0.00428  by  the  National  Physical  Laboratories.  Since  reference  is  made 
exclusively  to  the  values  at  20  deg.  cent,  when  measuring  and  stating 
percentage  conductivity,  these  physical  constants  for  0  deg.  cent, 
are  of  secondary  importance  in  engineering. 
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REPORT  OP  THE  BOARD  OP  DIRECTORS  POR  PISCAL  YEAR 
ENDING  APRIL  30,  1913 


The  Board  of  Directors  of  the  American  Institute  of  Electrical  Engi-  « 
neers  presents  herewith  to  the  membership  its  annual  report  for  the  fiscal 
year  ending  April  30,  1913. 

The  report  includes  abstracts  from  the  reports  of  the  various  standing 
and  special  committees  of  the  Institute;  also  detailed  financial  statements 
showing  the  condition  of  the  respective  Institute  funds,  receipts  and  dis- 
bursements, assets  and  liabilities,  and  other  data. 

The  Board  has  held  10  meetings  during  the  year;  nine  at  Institute 
headquarters  in  New  York,  and  one  in  Boston  during  the  Annual  Con- 
vention in  June. 

The  Annual  Convention  was  held  in  Boston  June  24-28,  1912.  The 
total  registered  attendance  was  936,  of  which  458  were  members  of  the 
Institute,  and  478  were  guests,  including  198  ladies.  The  local  attend- 
ance was  465,  and  the  attendance  from  outside  of  the  city  of  Boston 
and  suburbs  was  471.  Sixty  papers  were  presented  at  the  technical 
sessions;  one  session  was  held  jointly  with  the  Illuminating  Engineering 
Society  and  one  with  the  Society  for  the  Promotion  of  Engineering 
Education. 

A  Midwinter  Convention  held  at  Institute  headquarters  in  New  York 
Pebruary  26-28,  1913,  under  the  auspices  of  the  Standards  Committee, 
marked  a  departure  from  the  usual  program  of  Institute  meetings  of  the 
convention  type,  being  the  first  convention  to  be  held  in  New  York  since 
the  Institute  was  organized.  The  meeting  was  eminently  successful 
from  the  standpoint  of  the  results  accomplished.  The  data  presented 
in  the  various  papers  and  discussions  will  be  of  great  value  to  the  Stand- 
ards Committee  in  formulating  its  revision  of  the  Standardization  Rules. 
Porty-four  papers  were  presented  in  brief  abstract,  and  the  balance  of 
the  time  was  devoted  to  the  discussion.  The  registered  attendance 
at  the  convention  was  422,  of  which  179  were  from  outside  of  New  York 
and  suburbs.  The  convention  closed  with  a  reception  and  ball  at  the 
Hotel  Astor,  under  the  auspices  of  the  New  York  Reception  Committee, 
which  was  attended  by  about  300  members  and  guests,  and  which  was 
one  of  the  most  enjoyable  social  functions  ever  given  by  the  Institute. 

An  Institute  meeting,  under  the  auspices  of  the  Schenectady  Section, 
was  held  in  Schenectady  on  May  17,  1912.  Ten  technical  papers  were 
presented  and  discussed.  The  registered  attendance  was  354  members 
and  guests. 

A  two-day  Institute  meeting  was  held  in  Pittsburgh  on  April  18  and 
19,  1913,  under  the  auspices  of  the  Pittsburgh  Section  and  the  Committee 
on  the  Use  of  Electricity  in  Mines.  Eight  papers  were  presented,  and 
the  total  attendance  was  about  300  members. 

Upon  the  request  of  the  Pacific  Coast  Sections,  the  Board  of  Directors 
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assigned  the  Pacific  Coast  Convention  this  year  to  the  Vancouver  Section, 
and  the  date  has  been  set  for  September  9-11, 1913. 

During  the  year  President  Mershon  visited  the  following  Sections: 
Ithacii,  San  Francisco,  Los  Angeles,  Philadelphia,  Pittsfield,  Pittsburgh 
and  Chicago. 

On  May  21,  1912,  constitutional  amendments  were  adopted  creating 
a  third  grade  of  membership.  As  full  information  regarding  these  amend- 
ments was  given  to  the  membership  prior  to  their  adoption,  it  is  not  neces- 
sary again  to  go  into  these  details  in  this  report.  The  effect  of  the  amend- 
ments during  the  year  has  been  the  transfer  of  389  Associates  to  the 
grade  of  Member,  and  308  Members  to  the  grade  of  Fellow,  all  under 
the  special  section  of  the  Constitution,  and  9  Members  to  the  grade 
of  Fellow,  under  the  regular  provisions  of  the  Constitution. 

The  constitutional  amendments  providing  for  the  appointment  of  the 
Secretary  by  the  Board  of  Directors  instead  of  election  by  the  member- 
ship were  also  adopted  on  May  21,  1912. 

The  Committee  on  Organization  of  the  International  Electrical  Con- 
gress, San  Francisco,  1915,  consisting  of  about  200  members  located  in 
various  parts  of  this  country  and  abroad,  was  appointed  by  the  President 
in  June,  1912.  The  duties  of  this  committee  are  to  organize  and  carry 
to  a  successful  conclusion  the  international  electrical  congress  which  is 
to  be  held  in  San  Francisco  in  1915  during  the  Panama-Pacific  Universal 
Exposition.    A  brief  report  of  the  committee's  progress  is  included  herein. 

In  June,  1912,  the  Board  of  Directors  passed  resolutions  agreeing  to 
participate  to  a  limited  extent  in  the  proposed  International  Engineering 
Congress,  which  is  also  to  be  held  in  San  Francisco  during  the  Panama- 
Pacific  Exposition.  This  congress  is  in  charge  of  a  committee  of  man- 
agement composed  of  representatives  of  the  principal  American  engineer- 
ing societies.  The  Institute's  participation  is,  however,  limited,  owing  to 
its  obligations  in  connection  with  the  electrical  congress. 

On  June  27,  1912,  the  Board  authorized  the  President  to  enter  into 
reciprocal  visiting  member  arrangements  with  certain  European  engineer- 
ing societies  with  which  negotiations  had  been  pending  with  such  relations 
in  view.  The  arrangements  entitle  members  of  the  American  Institute 
of  Electrical  Engineers,  while  abroad,  to  the  privileges  of  membership 
in  the  foreign  societies  interested  in  the  plan,  for  a  period  of  three  months, 
and  foreign  members  of  these  societies  visiting  this  country  are  entitled 
to  the  privileges  of  Institute  membership  for  a  like  period.  The  foreign 
societies  which  have  entered  into  these  relations  with  the  Institute  are: 
The  Institution  of  Electrical  Engineers,  of  England;  the  Verband  Deut- 
scher  Elektrotechniker,  of  Germany;  the  Societe  Internationale  des 
Electriciens,  of  France;  the  Associazione  Elettrotecnica  Italiana,  of 
Italy;  the  Association  Suisse  des  Electriciens,  of  Switzerland;  and  the 
Koninklijk  Instituut  van  Ingenieurs,  of  Holland.  A  considerable  number 
of  foreign  engineers  and  Institute  members  have  availed  themselves  of 
these  privileges  since  the  arrangements  were  completed. 

Foreign  relations  have  been  further  strengthened  during  the  year 
by  an  arrangement  entered  into  by  President  Mershon  on  behalf  of  the 
Institute  with  certain  foreign  engineering  societies  to  exchange  abstracts 
of  the  papers  presented  before  the  societies,  for  publication  in  the  official 
>rgans  of  the  respective  societies.    This  practise  was  but  recently  inaug- 
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urated,  and  the  first  foreign  abstracts  to  be  published  under  this  arrange- 
ments appeared  in  the  April,  1913,  Procbbdings. 

Upon  the  suggestion  of  President  Mershon  the  Electrophysics  Com- 
mittee arranged  with  Professor  Edwin  Plimpton  Adams,  of  Princeton 
University,  for  the  presentation  before  the  Institute  of  a  series  of  lectures 
on  the  subject  of  radioactivity.  Professor  Adams,  one  of  the  best  known 
authorities  on  radioactivity  in  this  country,  delivered  the  lectures  during 
the  latter  part  of  March  and  the  early  part  of  April,  1913.  The  widespread 
interest  manifested  in  the  subject  by  those  who  ait  tended  prompted  the 
Board  to  authorize  the  publication  of  the  entire  series  in  the  Institute 
Proceedings  in  order  that  the  entire  membership  might  have  this 
opportunity  of  obtaining  practical  and  theoretical  knowledge  of  this 
interesting  and  important  subject.  These  lectures  will  also  be  reprinted 
in  pamphlet  form  for  sale  at  a  nominal  price. 

Two  new  technical  committees  have  been  created  during  the  year; 
namely,  the  Committee  on  the  Use  of  Electricity  in  Mines,  appointed 
in  December,  1912,  and  the  Committee  on  the  Use  of  Electricity  in  Marine 
Work,  appointed  in  April,  1913,  both  of  which  will  open  to  the  Institute 
new  and  important  fields  of  usefulness  and  activity. 

The  following  brief  statements,  consisting  principally  of  abstracts  from 
the  reports  of  various  Institute  committees,  give  an  outline  of  the  results 
accomplished.  A  large  amount  of  work  has  also  been  done  by  temporary 
committees,  appointed  during  the  year  for  some  specific  purpose;  also 
by  delegates  of  the  Institute  to  meetings  of  other  technical  organizations, 
and  by  representatives  upon  various  boards,  commissions,  and  other 
local  and  national  bodies. 

In  the  limited  amount  of  space  available  it  is  not  possible  to  give  more 
than  an  outline  of  the  activities  of  the  Institute,  but  this  is  sufficient  to 
indicate  the  wide  scope,  and  the  constantly  increasing  amount,  of  the 
useful  work  that  is  being  carried  on  by  the  American  Institute  of  Electrical 
Engineers  through  its  members,  committees  and  officers. 

Sections  Committee. — In  accordance  with  the  custom  that  has  been 
followed  for  a  number  of  years,  the  activities  of  the  Sections  and  Branches 
are  summarized  briefly  in  tabular  form,  as  follows: 


Year  Ending 

May  1 

May  1 

May  1 

May  1 

May  1 

Mayl 

1008 

1909 

1910 

1911 

1912 

1913 

Sbctions 

tions 

21 

24 

25 

25 

28 

29 

Number  of  Sec- 

tion meetings 

held 

141 

169 

187 

208 

231 

244 

Total  attendance 

7,476 

16.427 

16.694 

15.243 

19  800 

22.825 

Branches 

Number  of 

Branches 

22 

26 

31 

36 

42 

47 

Number  of 

Branch   meet- 

ings held 

143 

198 

237 

255 

281 

357 

Attendance 

4.128 

8.443 

10.255 

10.714 

10.255 

11.808 
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No  mere  table  can  show  the  real  influence  of  the  Sections  of  the  Insti- 
tute. In  a  larger  and  larger  sense  the  Sections  are  becoming  the  Institute. 
Primarily  the  Sections  are  having  a  nationalizing  influence.  While  it  is 
undoubtedly  true  that  the  Sections  have  tended  to  reduce  general  interest 
in  the  regular  monthly  meetings  in  New  York,  at  the  same  time  an  interest 
in  local  Section  meetings  has  been  stimulated  that  in  the  aggregate  has 
made  for  a  vastly  increased  interest  in  the  Institute.  Individual  Section 
meetings  are  now  taking  on  a  character  that  would  have  done  credit  to 
the  general  Institute  meetings  of  a  few  years  back.  Opportunities  which 
formerly  were  available  only  to  those  so  situated  that  they  could  attend 
the  New  York  meetings  are  now  open  to  those  around  29  different  centers. 

Another  gratifying  result  is  the  rapid  increase  in  the  number  of  Univer- 
sity Branches.  The  principal  benefit  that  is  derived  from  these  Branches 
is  to  bring  our  Institute  to  the  attention  of  those  who  in  a  few  years  will 
be  ready  to  take  their  active  part  in  the  electrical  engineering  profession. 

The  Sections  Committee  reports  a  very  satisfactory  year. 

Committee  on  Sections  Participation  in  Conduct  of  Institute  Affairs. — 
The  work  of  this  committee  is  not  sufficiently  advanced  to  permit  the 
submission  of  a  complete  report,  for  the  reason  that  not  all  of  the  Sections 
have  replied  to  the  communication  sent  them  by  the  committee,  and  the 
committee  has  not  felt  itself  in  a  position  to  formulate  conclusions  even 
of  a  preliminary  nature  until  a  fuller  response  is  received  from  the  Sections. 

As  the  resolution  under  which  this  committee  was  appointed  was 
drawn  in  response  to  a  resolution  adopted  at  the  Sections  Conference  at 
the  Boston  Convention  in  June,  1912,  it  was  the  sense  of  the  committee 
that  suggestions  or  recommendations  on  the  matters  coming  within  its 
scope  should  be  requested  of  the  Sections.  In  answer  to  the  committee's 
invitation  for  comments  replies  have  been  received  from  about  one- 
third  of  the  Sections.  In  nearly  all  of  these  communications  the  Sections 
concerned  have  brought  forward  interesting  and  profitable  suggestions 
relative  to  the  work  and  activities  of  the  Sections  as  Sections,  but,  in  the 
main,  no  comments  have  been  received  indicating  a  desire  for  a  change 
from  the  present  system  of  the  conduct  of  Institute  affairs  or  bearing 
directly  on  the  question  of  the  participation  of  the  Sections  therein. 

A  formal  report  will  be  presented  during  the  Annual  Convention. 

Meetings  and  Papers  Committee. — During  the  year  the  committee 
has  arranged  for  six  regular  meetings  in  New  York,  a  series  of  dwe  lectures 
on  radioactivity,  a  midwinter  convention,  and  a  meeting  at  Pittsburgh. 
It  has  been  the  policy  of  the  Meetings  and  Papers  Committee  this  year 
to  assign  each  of  the  regular  meetings  of  the  Institute  to  one  of  the 
technical  committees,  which  has  obtained  the  papers  and  under  whose 
auspices  the  meeting  has  been  conducted.  The  chairman  of  the  technical 
committee  supplying  the  program  for  any  meeting  has  presided  at  the 
technical  session  of  such  meeting. 

During  the  present  year  the  60-day  rule  in  regard  to  papers  has  also 
been  adopted,  under  which  every  paper  to  be  presented  before  the  Insti- 
tute must  be  in  the  hands  of  the  Meeting!  and  Papers  Committee  at 
least  60  dayr  prior  to  the  date  of  the  meeting  at  which  it  is  to  be  presented, 
and  no  assignment  of  a  paper  to  any  meeting  is  made  until  the  manuscript 
is.  in  the  committee's  hands.  The  operation  of  thi&  rule  has  worked  oat 
very  successfully,  both  in  permitting  the  committee  to  give  more  con- 
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sideration  to  the  papers  presented  and  in  permitting  publication  of  the 
papers  sufficiently  in  advance  of  the  meetings  to  facilitate  valuable  dis- 
cussion. 

At  the  1912  annual  convention  held  in  Boston  60  papers  were  presented, 
and  joint  sessions  were  held  with  the  Society  for  the  Promotion  of  Engi- 
neering Education  and  the  Illuminating  Engineering  Society.  Thii  large 
number  of  papers  required  the  holding  of  parallel  sessions  each  day  of  the 
convention  and  afforded  rather  limited  time  for  the  discussions.  Prepar- 
ations are  now  under  way  for  the  1913  annual  convention  to  be  held  in 
Cooperstown,  N.  Y.,  June  23-27,  and  it  is  the  intention  to  limit  the 
technical  program  to  20  or  25  papers.  According  to  the  committee's 
plans,  those  papers  which  cannot  be  included  in  the  convention  program 
will  be  held  over  until  fall  in  order  to  supply  the  incoming  committee  with 
papers  for  use  at  the  first  two  or  three  fall  meetings  before  the  new 
committee  has  had  opportunity  to  get  actively  at  work. 

New  York  Reception  Committee. — The  New  York  Reception  Commit- 
tee has  arranged  for  the  smokers  which  have  been  held  at  Institute 
headquarters  in  connection  with  the  monthly  meetings.  These  smokers 
have  been  supported  entirely  by  voluntary  contributions  from  members 
residing  in  and  near  New  York. 

The  committee  arranged  for  the  reception  and  ball  held  at  the  close  of 
the  Midwinter  Convention  in  New  York  in  the  latter  part  of  February, 
and  maintained  in  the  Engineering  Societies  Building  during  the  con- 
vention a  bureau  of  general  information  for  out-of-town  members  and 
guests. 

In  co-operation  with  the  local  committees  of  the  American  Society  of 
Mechanical  Engineers  and  the  American  Institute  of  Mining  Engineers 
the  committee  participated  in  the  presentation  before  the  three  societies 
on  April  4  of  a  demonstration  of  Edison  talking  moving  pictures. 

Railway  Committee. — The  Railway  Committee  has  prepared  for 
presentation  at  the  Annual  Meeting  in  May,  1913,  two  papers:  One  on  2400* 
Volt  Railway  Electrification,  by  H.  M.  Hobart,  and  the  other  on  Trunk 
Line  Electrification,  by  Charles  P.  Kahler.  Invitations  for  oral  and 
written  discussions  of  these  papers,  together  with  printed  copies  of 
the  papers  themselves,  have  been  sent  to  various  members  and  to  foreign 
engineers  interested  in  railway  operation. 

Educational  Committee. — The  Educational  Committee,  following  the 
suggestion  of  last  year's  committee,  directed  attention  again  this  year  to 
the  field  of  industrial  education,  and  at  a  meeting  of  the  committee 
held  in  January  the  subject  was  divided  among  the  members  for  study  and 
report.  The  result  of  the  committee's  work  will  be  the  presentation  of  a 
number  of  papers  on  various  phases  of  industrial  education  at  the  Annual 
Convention. 

On  January  10,  1913,  the  Board  of  Directors  authorized  the  committee 
to  appoint  a  representative  to  attend  the  first  annual  convention  of  the 
National  Association  of  Corporation  Schools,  held  in  New  York  on  Jan- 
uary 24.  Professor  W.  I.  Slichter  was  appointed  and  represented  the 
Institute  at  the  convention.  The  association  is  composed  of  corporations 
and  companies  which  are  engaged  in  or  interested  in  the  education  of  their 
employees.  Its  objects  are  to  collect  and  compile  records  of  successful 
and  unsuccessful  methods  of  educating  employees  and  to  distribute  this 
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iofonnatuni  to  members  of  the  aasociatioo.  Although  it  does  not  seem 
possible  sor  at  the  present  time  advisable  for  the  Institute  to  take  any 
official  part  in  the  movement,  it  is  bdieved  that  the  In.  titute,  thnnigh  the 
Educational  Committee,  can  assist  and  thus  do  a  public  service  hj  keeping 
the  membership  advised  of  the  work  of  the  association. 

High'Tension  TranmuMioii  Committee. — The  December.  1912.  Insti- 
tute meeting  in  New  York  was  held  under  the  auspices  of  the  High-Tensioo 
Transmission  Committee.  At  this  meeting  two  papers  were  presented 
on  the  subject  of  '*  Testing  of  High-Tension  Line  Insulators.*'  The 
committee  has  been  studying  this  subject  since  that  meeting,  and  is  pre- 
paring for  a  further  discussion  at  the  coming  Annual  Convention,  with  the 
idea  of  later  recommending,  if  possible,  a  model  or  a  general  specification 
for  the  testing  of  such  insulators.  The  committee  has  secured  two  tenta- 
tive specifications;  one  representative  of  the  point  of  view  of  the  manu- 
facturer of  insulators;  the  other  the  point  of  view  of  the  scientist  and 
expert  tester.  It  is  proposed  that  the  High-Tension  Transmission  Com- 
mittee, taking  the  point  of  view  of  the  practical  engineer,  prepare  from 
these  a  single  specification  which  may  be  submitted  to  the  Institute  for 
approval. 

The  committee  has  prepared  and  is  about  to  send  out  a  list  of  questions 
bearing  on  engineering  matters  of  special  interest  in  connection  with 
high-tension  power  transmission  systems,  to  the  managers  of  plants 
operating  at  voltages  of  25,000  or  higher.  It  is  hoped  that  from  the  replies 
to  these  questions  a  great  deal  of  valuable  information  may  be  gained  as 
to  the  present  practise  in  such  systems.  This  plan,  which  is  similar  to 
that  successfully  tried  10  yeart  ago  by  President  Mershon,  who  was  then 
chairman  of  the  High-Tension  Transmission  Committee,  is  now  taken  up 
at  his  suggestion. 

It  is  not  expected  that  either  the  high-tension  te&ting  specification  or 
the  collection  of  engineering  data  will  be  completed  during  the  life  of  the 
present  committee,  but  it  is  hoped  that  the  work  will  be  carried  on  to  a 
successful  conclusion  by  the  succeeding  committee  which  takes  office  on 
August  1  next. 

Ekedxic  Lighting  Ck^mmittee. — The  Electric  Lighting  Committee  has 
not  held  any  meetings,  owing  to  the  wide  geographical  distribution  of  its 
membership,  and  the  work  has  therefore  been  carried  on  through  corres- 
pondence. The  committee  originally  arranged  for  a  meeting  to  be  held 
in  February,  but  it  was  postponed  on  account  of  its  proximity  to  the  Mid- 
winter Convention,  and  no  later  date  could  be  fixed  upon  for  this  meeting. 
The  committee's  work  has  therefore  consisted  in  obtaining  papers  for 
presentation  before  the  Annual  Convention,  and  three  paper  on  subjects 
of  timely  interest  in  the  electric  lighting  field  have  been  submitted  for 
this  purpose. 

Indottiial  Power  Committee. — The  Industrial  Power  Committee  has 
confined  its  work  entirely  to  arranging  for  papers  and  the  discussion  of 
these  papers  at  the  regular  Institute  meetings,  and  in  giving  assistance 
and  suggeetionE  to  Sections  regarding  papers  for  Section  meetings.  In 
the  selection  of  papers  special  care  has  been  taken  to  select  papers  of 
general  interest  which  would  evoke  considerable  discussion.  The  papers 
arranged  for  have  covered  a  fairly  wide  range  of  subjects  so  as  to  make  the 
"^miplete  program  for  the  year  representative  of  the  variety  of  problems 
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encountered  in  industrial  engineering.  In  addition  to  papers  already 
presented  the  committee  has  provided  five  papers  for  the  Annual  Con- 
vention. 

Telegraphy  and  Telephony  Committee. — The  Telegraphy  and  Tele- 
phony Committee  held  no  meetings  during  the  year,  the  widely  scattered 
membership  of  the  committee  making  a  full  meeting  difficult.  Arrange- 
ments have  been  perfected  which  will  result  in  the  presentation  of  a  num- 
ber of  papers  on  telegraphy  and  telephony  at  the  Annual  Convention. 
There  has  developed  among  Institute  members  a  disposition  to  consult 
the  Telegraphy  and  Telephony  Committee  on  special  problems.  None 
of  these  has  been  sufficiently  important  to  require  that  it  be  presented  to 
the  committee  in  general,  but  the  tendency  is  here  reported  upon  as  of 
interest  in  indicating  a  new  form  of  usefulness  which  an  Institute  com- 
mittee might  develop.  The  chairman  has  answered  such  inquiries  to 
the  best  of  his  ability. 

Electrochemical  Committee. — The  work  of  the  Electrochemical  Com- 
mittee for  the  year  has  been  confined  to  attempts  to  secure  suitable 
papers  on  electrochemical  subjects,  treated  from  an  engineering  viewpoint. 
Owing  to  the  scattered  geographical  distribution  of  its  members,  no 
meetings  have  been  held,  and  the  work  has  been  carried  on  through 
correspondence.  It  was  decided  not  to  have  a  meeting  devoted  to  electro- 
chemistry, but  to  obtain  a  few  papers  for  the  Annual  Convention.  Two 
papers  have  been  promised  and  will  be  available  in  time  for  advance 
printing. 

Power  Station  Committee. — The  Power  Station  Committee  obtained 
the  paper  on  High-Speed  Turbo- Alternators — Designs  and  Limitations, 
which  is  believed  to  be  one  of  the  best  and  most  useful  papers  presented 
before  the  Institute  during  the  past  year.  In  addition  to  this  a  paper  is 
to  be  presented  under  the  auspice?  of  this  committee  at  the  Annual  Con- 
vention, on  Standardization  of  Method  for  Determining  and  Comparing 
Power  Costs  in  Steam  Plants.  It  is  hoped  that  the  latter  paper  will  bring 
out  a  discussion  that  will  be  of  value  to  the  Standards  Committee  in  the 
revision  of  the  standardization  rules,  with  special  reference  to  a  method 
of  determining  and  comparing  costs  of  power. 

Electrophysics  Committee. — The  efforts  of  the  Electrophysics  Com- 
mittee have  been  exeited  in  three  directions:  1.  To  the  securing  of 
papers  on  subjects  more  particularly  pertaining  to  the  physical  theory 
underljring  electrical  engineering.  2.  To  the  arrangement  of  a  series  of 
lectures  on  radioactivity.  3.  To  the  stimulation  of  interest  in  experi- 
mental research. 

The  Institute  meeting  in  New  York  on  March  14,  1913,  was  held  under 
the  auspices  of  this  committee,  and  two  important  papers  were  presented. 

The  committee  arranged  the  series  of  lectures  on  '*  Radioactivity  " 
given  by  Professor  Edwin  Plimpton  Adams  of  Princeton  University,  in 
the  latter  part  of  March  and  early  April.- 

The  committee  has,  through  correspondence,  made  several  efforts  to 
secure  a  list  of  subjects  for  research  and  of  questions  whose  answers  are 
needed  in  the  pursuit  of  various  branches  of  the  profession.  So  far  the 
results  from  these  attempts  have  not  been  numerous,  but  it  is  believed  that 
such  results  could  not  be  expected  to  follow  immediately,  and  it  is  hoped 
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that  the  succeeding  committee  will  find  that  a  promising  start  has  been 
made  in  this  direction. 

Committee  on  the  Use  of  Electricity  in  Mines. — The  Committee  on 
the  Use  of  Electricity  in  Mines,  in  co-operation  with  the  Pittsburgh 
Section,  held  a  very  successful  meeting  in  Pittsburgh  on  April  18  and  19, 
devoted  largely  to  the  subject  of  central  station  power  for  mining  purposes. 
The  attendance  at  the  meeting  was  about  300,  and  there  was  a  good 
general  discussion  of  the  papers  presented.  Following  this  meeting  the 
committee  held  an  informal  session  at  which  it  was  decided  to  co-operate 
with  the  Pittsburgh,  Chicago  and  Philadelphia  Sections  in  the  prepara- 
tion of  papers  pertaining  to  electrical  mining,  and  to  assist  in  bringing 
out  a  full  discussion.  Nothing  further  is  contemplated  at  the  present 
time  except  that  the  committee  will  tabulate  a  list  of  electrical  mining 
men  who  might  be  interested  in  the  activities  of  the  Institute,  with  the 
view  to  communicating  with  them  through  the  various  Sections,  and  if 
possible  enlisting  them  in  the  work.  This  phase  of  the  work  will  be  under- 
taken by  the  Sections  themselves  with  the  co-operation  of  the  Membership 
Committee. 

Editing  Committee. — Twelve  numbers  of  the  Proceedings  have  been 
published  under  the  auspices  of  the  Editing  Committee  since  April  30, 
1912,  the  total  number  of  pages  published  during  this  period  being  3460, 
of  which  473  pages  comprise  Section  I,  and  2987  pages  Section  II.  Owing 
to  the  increasing  amount  of  material  to  be  published  in  our  Transactions, 
the  Editing  Committee  determined  to  reduce  the  bulk  and  cost  of  the  vol- 
umes by  printing  the  Transactions  on  a  thinner  paper  of  better  quality, 
which  will  permit  the  publishing  of  the  volume  for  1912  in  two  parts,  al- 
though it  contains  approximately  the  same  number  of  pages  for  which  three 
parts  were  required  the  previous  year,  printed  on  the  heavier  paper. 
Ail  of  the  discussions  at  the  regular  Institute  meetings  and  at  the  Sections 
which  have  been  printed  have  been  edited  and  published  under  the  super- 
vision of  the  Editing  Committee. 

Indexing  Transactions  Committee. — The  Indexing  Transactions  Com- 
mittee has  completed  the  work  of  classifying  the  synopses  of  the  papers 
and  the  arranging  and  editing  of  the  cards.  At  the  present  time  the  whole 
manuscript  for  the  two  volumes  of  the  index  (one  covering  the  period  1884 
to  1900,  and  the  other  1901  to  1910  inclusive)  is  on  the  press. 

Standards  Committee. — The  Standards  Committee  has  under  consider- 
ation a  revision  of  the  Standardization  Rules,  and  has  appointed  a  sub- 
committee to  collect  materia]  for  such  revision.  It  was  considered  desir- 
able to  present  to  the  Institute,  for  discussion,  papers  from  engineers  in 
construction  and  installation,  indicating  directions  in  which  modifications 
of  the  existing  rules  might  well  be  made.  The  Board  of  Directors  author- 
ized on  August  8,  1912,  the  holding  of  a  Midwinter  Convention  in  New 
York.  This  convention  was  assigned  by  the  Meetings  and  Papers  Com- 
mittee to  be  held  on  February  26,  27  and  28,  1913,  under  the  auspices  of 
the  Standards  Committee.  Forty-four  papers  were  prepared  for  this 
convention,  forty-two  of  which  were  printed  in  advance  in  the  February 
Proceedings,  and  two  in  the  March  Proceedings.  Herr  Leo  Schfller 
attended  the  convention  as  a  delegate  from  the  Verband  Deutschcr 
Blektrotechniker. 
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In  November,  1912,  the  American  Society  of  Mechanical  Engineers 
appointed  a  special  committee  to  confer  with  the  Standards  Committee, 
and  a  joint  meeting  of  the  two  committees  was  held  on  December  13,  1912, 
with  Mr.  H.  G.  Stott  of  the  A.  S.  M.  £.  committee  as  chairman.  Certain 
resolutions  were  passed  by  the  joint  committees  in  favor  of  the  adoption 
of  the  "  myriawa^.t  "  as  a  unit  of  power.  The  report  of  this  joint  meeting 
appears  on  pages  59  and  60  of  the  February.  1913,  Proceedings.  The 
report  received  the  approval  of  the  governing  boards  of  both  societies. 

Meetings  of  the  committee  have  been  held  at  monthly  intervals  during 
the  year,  except  during  June,  July  and  August. 

Reciprocal  relations  have  been  entered  into  to  some  extent  between  this 
committee  and  the  standards  committees  of  the  A.  S.  M.  E.,  the  A.  S. 
F.  T.  M.,  and  the  I.  E.  S.,  under  a  resolution  on  the  subject  adopted 
by  the  Board  of  Directors  on  April  9,  1913. 

Code  Committee. — The  work  of  the  Code  Committee  for  the  year  1912- 
1913  has  been  accomplished  without  a  general  meeting  of  the  whole  com- 
mittee, the  matters  coming  before  it  being  of  such  a  nature  as  to  permit 
their  disposal  by  correspondence. 

The  important  work  of  the  Code  Committee  really  consisted  in  its 
representation  at  the  biennial  meeting  of  the  National  Board  of  Fire 
Underwriters,  in  order  to  assist  in  presenting  data  for  the  purpose  of 
making  the  mandatory  grounding  of  secondaries  an  accepted  rule  by  the 
Board  of  Fire  Underwriters.  The  chairman  of  the  committee  attended 
the  four-day  conference  held  in  New  York  on  March  24-27,  and  reports 
that  the  mandatory  grounding  of  secondaries  up  to  150  volts,  and  the 
permissible  grounding  of  secondaries  up  to  250  volts,  has  been  approved 
by  the  National  Board  of  Fire  Underwriters,  and  the  mandatory  rule 
will  be  printed  in  the  1913  code. 

Law  Committee. — The  Law  Committee,  in  its  advisory  capacity,  has 
during  the  year  presented  its  views  upon  the  following  questions  which 
have  been  submitted  to  it:  The  question  as  to  the  date  upon  which  the 
total  membership  of  the  Institute  should  be  taken  in  estimating  the 
number  of  ballots  required  to  adopt  amendments;  amendments  to  the 
By-laws  with  reference  to  the  question  of  transfers  under  the  special  sec- 
tion of  the  Constitution;  interpretation  of  the  Constitution  and  By-laws 
with  reference  to  certifications  under  the  special  section,  including  a 
proposed  amendment  to  the  special  section  of  the  By-laws;  modification 
of  the  Wheeler  Deed  of  Gift  to. the  Institute  library;  report  on  the  status 
of  the  Secretary  of  the  Institute  after  August  1,  1912;  the  question  as  to 
the  power  of  the  Board  of  Directors  to  refuse  to  transfer  applicants  under 
the  special  section  of  the  Constitution;  the  form  of  election  ballot  to 
be  printed. 

Library  Committee. — In  accordance  with  Section  24  of  the  By-Laws  of 
the  Institute,  we  beg  leave  to  submit  herewith  our  annual  report  for  the 
year  ending  April  30,  1913,  showing  the  state  of  the  library  and  including 
the  names  of  all  donors  to  it. 

During  the  year  the  erection  of  two  ornamental  metal  book-cases,  one 
on  each  side  of  the  main  entrance  to  the  library  on  the  13th  floor,  has  been 
completed.     These  are  intended  to  serve  tor  storage  and  display  of  a 
large  portion  of  the  Latimer-Clark  collection  of  books  which  was  donated-v(jTp 
to  the  Institute  by  Dr.  Schuyler  Skaate  Wheeler.  -y.  — -y ---^gi^ 
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As  a  result  of  the  combined  efforts  of  the  Library  Committees  of  the  three 
founder  societies,  and  of  the  Joint  Conference  Committee,  an  organiza- 
tion for  the  administration  of  the  library  by  a  library  board  subject  to  the 
direction  of  the  Board  of  Trustees  of  the  United  Engineeiing  Society, 
has  been  effected,  with  the  approval  of  the  Boards  of  Directors  of  these 
founder  societies.  The  character  of  the  organization  is  set  forth  in  the 
following  extract  from  the  By-Laws  of  the  United  Engineering  Society, 
which  went  into  effect  in  November,  1912. 

Library  and  Educational  Work 

74.  The  Board  of  Trustees  shall  maintain  and  conduct  a  Free  Public  Engineering 
Library,  subject  to  such  regulations  as  it  may  from  time  to  time  determine. 

75.  The  library  shall  be  conducted  by  a  Library  Board,  subject  to  the  direction  of  the 
Board  of  Trustees. 

76.  The  Library  Board  shall  consist  of  sixteen  members,  composed  as  follows: 
Pour  members  designated  by  each  of  the  three  Pounder  Societies. 

The  Secretary  of  each  of  the  three  Pounder  Societies. 

The  Librarian,  who  shall  also  be  the  Secretary  of  the  Board. 
One  member  shall  be  designated  by  each  Pounder  Society  each  year  to  serve  four  years. 
Any  vacancy  occurring  among  the  appointed  members  shall  be  filled  by  the  corres- 
ponding Pounder  Society  for  the  unexpired  term. 

77.  Regular  meetings  of  the  Library  Board  shall  be  held  on  the  first  Thursday  of 
Pebruary.  May.  September  and  December  of  each  year.  Special  meetings  may  be  called 
at  the  option  of  the  Chairman,  on  not  less  than  seven  days'  notice,  and  must  be  called  by 
the  Chairman  on  the  written  request  of  seven  or  more  members.  A  quorum  shall  consist 
of  not  less  than  seven  members,  of  whom  at  least  four  shall  be  appointed  members,  includ- 
ing at  least  one  such  member  from  each  of  the  Founder  Societies. 

78.  At  its  first  regular  meeting  in  each  calendar  year  the  Library  Board  shall  elect 
one  of  its  members  to  be  Chairman  for  a  period  of  one  year  or  until  his  successor  is  elected. 
At  the  same  meeting  the  Library  Board  shall  elect  from  its  own  members  an  Executive 
Committee  to  consist  of  an  equal  number  of  members  from  each  of  the  Pounder  Societies, 
to  serve  for  one  year.  The  Chairman  of  the  Library  Board  shall  be  ex-officio  a  member 
and  Chairman  of  the  Executive  Committee.  The  Librarian  shall  be  ex-officio  Secretaryof 
the  Executive  Committee,  but  shall  have  no  vote. 

79 .  If  less  than  a  quorum  be  present  at  a  meeting  of  the  Library  Board  the  members 
present  may  adjourn  the  meeting  to  a  day  fixed. 

80.  The  Library  Board  shall  have  authority 

To  originate,  revise  and  apx»rove  rules  for  the  administration  of  the  library. 

To  prepare  and  forward  to  the  Board  of  Trustees,  requisitions  for  furniture  and 
other  supplies. 

To  api>oint  and  fix  salaries  of  employees  in  the  library,  labject  to  the  approval 
of  the  Board  of  Trustees. 

To  revise  and  approve  lists  of  publications  authorised  by  the  Pounder  Sodetiea 
for  purchase,  with  a  view  of  avoiding  unnecessary  duplication. 

To  direct  the  purchase  on  account  of  the  United  Bnginbbring  Society  of  publica- 
tions not  on  file  in  the  library,  under  such  regulations  and  within  such  limits  as  the 
Board  of  Trustees  may  prescribe. 

To  receive  and  administer  bequests  and  gifts  to  the  Library  of  the  United  Engi- 
neering Society. 

81 .  At  the  end  of  each  calendar  year  the  Library  Board  shall  present,  to  the  Board  of 
Trustees  and  to  the  Pounder  Societies,  a  full  report  of  its  acts  during  the  past  year,  includ- 
ing a  financial  statement  of  its  receipts  and  disbursements  and  its  recommendations  for 
the  coming  year  as  to  policy  and  finance.  This  report  shall  state  the  recommendation  of 
the  Library  Board  as  to  the  sum  of  money  which  each  Pounder  Society  should  expend  dur- 
ing the  coming  year  for  the  purchase  of  books  for  the  library  of  that  society;  and  as  to  the 
sum  which  the  United  Engineering  Society  should  expend  for  the  purchase  of  books  or 
periodicals  for  the  Library  of  the  United  Engineering  Society;  and  as  to  the  sum  each 
society  should  contribute  toward  the  cost  of  administration. 

82.  A  regular  meeting  of  the  Executive  Committee  shall  be  held  on  the  first  Wednes- 
day of  each  month  except  July  and  August.     Special  meetings  may  be  called  by  the  Chair- 
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nutn.  A  lUAJority  of  the  memben  ahall  conttitute  a  quorum,  but  a  le«  number  than  a 
quorum  may  adjourn  the  meeting  to  a  day  fixed.  The  Secretary  of  any  of  the  Pounder 
Societies  may  be  present  at  any  meeting  and  ihall  have  the  same  right  as  members  to  be 
heard,  but  shall  have  no  vote.  Notice  of  each  called  and  adjourned  meeting  shall  be  sent 
to  each  such  Secretary. 

83.  The  Executive  Committee  shall  be  the  representative  of  the  Librafy  Board  and 
shall  execute  the  instructions  of  the  Library  Board,  and  whenever  necessary  shall  take  any 
action  for  which  the  Library  Board  has  authority,  reporting  such  action  for  approval  to  the 
Library  Board  at  the  next  following  meeting  of  said  Board. 

84.  The  Librarian  shall  be  appointed  by  the  Board  of  Trustees  from  a  list  of  names 
submitted  by  the  Library  Board. 

85.  The  Librarian  shall  be  the  Executive  of  the  Library  Board  and  of  its  Executive 
Committee,  and.  subject  to  the  direction  of  said  Board  and  Committee,  shall  have  charge 
of  the  library. 

86.  The  Librarian  shall  be  a  member  and  the  Secretary  of  the  Library  Board,  and  the 
Secretary,  but  not  a  member,  of  the  Executive  Committee. 

87.  At  each  meeting  of  the  Library  Board  the  Librarian  shall  submit  a  written  report 
containing  his  recommendations  for  the  purchase  of  books  and  supplies,  and  for  any  changes 
in  service  or  in  the  work  of  the  library. 

88 .  The  Board  of  Trustees  shall  also  co-operate  with  the  Pounder  or  Associate  Societies 
in  giving  public  lectures  on  engineering  and  scientific  subjects  and  in  arranging  for  the 
conduct  of  educational  and  research  work  as  from  time  to  time  may  be  deemed  advisable. 

The  Library  Board  was  organized  on  February  6, 1913,  with  Dr.  Leonard 
Waldo  as  Chairman. 

Statistical  information  concerning  the  library  and  its  use  during  the 
year,  including  a  list  of  donors,  is  given  in  the  following  tables: 

Donors 
May  1,  1912— April  30,  1913 

ADAMS,  E.  D 8 

AMERICAN  ELECTRIC  RAILWAY  ASSOCIATION 4 

AMERICAN  ELECTROCHEMICAL  SOCIETY 1 

AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 3 

AMERICAN  JOURNAL  OF  SCIENCE 2 

AMERICAN  RAILWAY  ASSOCIATION 1 

AMERICAN  SCHOOL  OF  CORRESPONDENCE 4 

AMERICAN  TELEPHONE  &  TELEGRAPH  COMPANY 1 

ARNOLD,  BION    J 12 

MR.  BISSING 1 

BENEDICT,  V.  L 1 

P.  BLAKISTON's  SON  &  COMPANY 1 

BOSTON  TRANSIT  COMPANY 1 

BOSTON  WIRE  DEPARTMENT 1 

BUCHANAN.  J.  Y 2 

B YLLESB Y,  H.  M 1 

CALDWELL,  EDWARD 1 

CARNEGIE  INSTITUTION  OF,  WASHINGTON 2 

CENTRAL  STATION  PUBLISHING  COMPANY 1 

CHANDLER.  C.  de  F 2 

CONGRESO   CIENTIFICO 1 

CUSHING.  H.  C 1 

DEPARTMENT  OF  AGRICULTURE 1 

DEPARTMENT  OF  LABOR 2 

DEPARTMENT  OF  TERRESTRIAL  MAGNETISM _2 

DUNOD  &  PINAT,  PARIS Digitiz-ed-by 

EICKEL,  B 


2 

(joogk 
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ELECTRICAL  RAILWAY  JOURNAL 

ENGINEERING  NEWS  COMPANY 

FORTSCHRITTE  DER  PHYSIK 

FOWLE,  F.  F 

GATI,  M.  B 

GAUTHIER,  VILLARS 

GEROSA,  E 

HANSEN,  L 

HEIM AN  S.  &  SOHN 

BERING 

HERMAN  ET  FILS,  A 

HOLMGREN,  T 

INDIA  RUBBER  JOURNAL  COMPANY 

INSTITUTION  OF  ENGINEERS  AND  SHIPBUILDERS,    SCOTLAND 

INTERNATIONAL  ELECTRIC  PROTECTION  COMPANY 

INTERNATIONAL  ELECTRICAL  CONGRESS,  ST.  LOUIS 

IOWA  ELECTRICAL  ASSOCIATION 

IOWA  ENGINEERING  SOCIETY 

ISOLATED  PLANT  PUBLISHING  COMPANY 

KANSAS,  GAS  WATER  AND  STREET  RAILWAY  ASSOCIATION.  .  . 

KENNELLY,  A.  E 

KAHN,  H.  R 

LAUFFER,  C.  A 

LIBRARY  OF  CONGRESS 

LIPPINCOTT  COMPANY 

LOUBAT  ft  CIE 

MACMILLAN  COMPANY 

MAILLOUX,  CO 

MARTIN,  T.  C 

MARYLAND  PUBLIC  SERVICE  COMMISSION 

MASSACHUSETTS  GAS  ft  ELECTRIC  LIGHT  ASSOCIATION 

MASSACHUSETTS  INSTITUTE  TECHNOLOGY 

MAVER,  WILLIAM,  JR 

MCALLISTER,  A.  S 

MCGRAW-HILL  BOOK  COMPANY 

MCPHERSON,  L.  G 

MERSHON,  RALPH  D 

MOIS  SCIENTIFIQUE  ET  INDUSTRIAL 

MOURLON,  CHAS 

MUNICIPAL  ENGINEERING  COMPANY 

MURALT  ft  COMPANY 

NACHOD  SIGNAL  COMPANY 

NATIONAL  ELECTRIC  LIGHT  ASSOCIATION* 

NATIONAL  BOARD  OF  FIRE  UNDERWRITERS 

NATIONAL  CIVIC  FEDERATION 

NATIONAL  ELECTRIC  LIGHT  COMPANY 

NATIONAL  FIRE  PROTECTION  ASSOCIATION 

NATIONAL  WATERWAYS  COMMISSION 

NEW  ENGLAND  WATER  WORKS  ASSOCIATION 2 

NEW  JERSEY  BOARD  RAILROAD  COMMISSION.  . 2 

NEW  ORLEANS  SEWERAGE  AND  WATER  BOARD 

Digitized  by 


10 


Google 
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NEW  YORK  BOARD  OF  FIRE  UNDERWRITERS 

NEW  YORK  BOARD  OF  WATER  SUPPLY 

NEW  YORK  ELECTRICAL  SOCIETY 

NEW  YORK  STATE  DEPARTMENT  OF  LABOR 

NEW  YORK  STATE  PUBLIC  SERVICE  COMMISSION 

NOEGGERATH,  J.  E 

NORTH    EAST   COAST    INSTITUTION    OF    ENGINEERS    AND    SHIP- 
BUILDERS  

NORTH  BAST  COAST  POWER  SYSTEM  COMPANY 

OSTERREICHISCHER  BETON  VEREIN 

OURO  PRETO  SCHOOL  OF  MINES 

PAINT  MANUFACTURERS  ASSOCIATION  OF  THE  U.  S 

PHILADELPHIA  DEPT.  OF  PUBLIC  WORKS 

PIERCE,  A.  L 

PLATTHBR,  WM 

POLYTECHNIC  INSTITUTE  OF  BROOKLYN 

PRADO,  H.  C 

RAILWAY  AGE  GAZETTE 

RAILWAY  SIGNAL  ASSOCIATION 

RENSSELAER  POLYTECHNIC  INSTITUTE 

SCHOBN,  A.  M 

SCOTT,  FORESMAN  ft  COMPANY 

SEVER,  G.  F 

SIEMEN  ft  HALSKE 

SOCIETY  OF  CHEMICAL  INDUSTRY 

SOCIETY  FOR  THE  PROMOTION  OF  ENGINEERING  EDUCATION. .  . 

SOUTH  WALES  INSTITUTE  OF  ENGINEERS 

SOUTHWESTERN  ELECTRICAL  ft  GAS  ASSOCIATION 

SPBRRY,  E.  A 

TELEPHONE  PIONEERS  OF  AMERICA 

THOMPSON,  SLASON 

TRANSVAAL  INSTITUTION  OF  MECHANICAL  ENGINEERS 

TREASURY  CONSTRUCTION  SOCIETY 

U.  S.  BUREAU  OF  STANDARDS 

U.  S.  NATIONAL  MUSEUM 

U.  S,  WAR  DEPARTMENT 

UNIVERSITY  OF  LONDON  PRESS 

UNIVERSITY  OF  MINNESOTA 

UNIVERSITY  OF  PITTSBURGH 

VAN  NOSTRAND,  D.  COMPANY 

WARE,  H.  B 

WBAVER,  W.  D 

WBSTINGHOUSB  ELECTRIC  ft  MANUFACTURING  COMPANY 

WHITEHEAD,  J.  B 

WILEY,  J.  ft  SONS 

ZBHNDBR    L 

ZBITSCHRIFT  FUR  BELEUCHTUNGSWBSEN 

DONOR  UNKNOWN 

OLD  MATERIAL 26 


268 


Digitized  by 


Google 
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Exchanges 172 

Purchases  and  old  material  accessioned 399 

671 


Total  accessions 829 

The  following  tabulation  gives  the  state  of  the  accounts  from  which  the 
Library  Committee  is  entitled  to  draw: 

Donations  (Gbnbsal  Library  Fund) 
Dr.  Cr.- 

Balance  May  1.  1912 ^71.15 

Interest 6.80      Unexpended $277.95 


$277.95  $377.95 


Mailloux  Endowmxnt  Fund  ($1,000) 
(Proceeds  for  the  maintenance  of  certain  eeU  of  periodical  publicatiooa) 

Balance  May  1.  1912 $78.55      Bxpended $46.00 

Interest 45.00       Unexpended 77.55 


$123.55  $123.56 

Intbrnational  Blbctrical  congress  of  St.  Louis.  1904.  Fund 
(Proceeds  available  for  the  purchase  of  non-American  International  electrical  literature) 

Invested  in  New  York  City  4}%  Bonds $2268.00 

Additions  to  the  Fund 76.85 


Total  Fund • $2344.85 

Balance  on  hand  May  1.  1912  ....   $309.12       Expended $3.88 

Interest 90.00       Unexpended $895  24 


$399.12  $399.12 


Wbavbr  Donation 
(Available  for  the  purchase  of  early  electrical  literatare) 
Balance  May  1.  1912 $6.69       Unexpended $6.1 


iNitTiTUTB  Appropriation  Account 

Appropriation  for  the  year $4600.00       Salary    (one-third)    of    librarian, 

assistants,  cataloguer  and  desk 
attendant.  May  1. 1912  to  May 

1,  1913 $2704.93 

One-third   running   expenses   of 
Ubrary.  May  1,  1912  to  May  1. 

1913 153.76 

Books 1106.44 

Subscriptions 151.63 

Insurance 71.48 

Binding 352.46 

Miscellaneous 18.08 


Digitized  by 


$4657.78 


Google 


1013] 


REPORT  OF  BOARD  OF  DIRECTORS 
STATISTICS  OF  LIBRARY  MAY  li  1913. 


2181 


Source 

1 

Volumes 

Pamphlets 

ValuatloB 

Report  of  May  1,  1913 

16.141 

367 

327 

14 

4 

1612 
16 

112 
12 

$32,660 

Purchase 

1,061.76 

Gifts  and  exchanges 

682.00 

Old  material  accessioned 

31.00 

Unknown 

8  00 

16.843 

1662 

$34,432.76 

In  the  following  table  are  given  the  figures  for  the  total  valuation   of 
the  Library  property: 

Books $34,432.75 

Stacks 1.761.06 

Purniture*  catalogues,  cases,  etc 376 .  00 


$36,669.80 


Library  Attbmdancb 


May. 

June. 

July. 

August. 

September, 

October. 

November. 

December. 

January 

Februa:y 

March. 

April. 


1912. 


Total 

910 
732 


1913. 


Total  May  1912-April  1913. . 
Total  May  1911-  April  1912. 


9947 
11348 


The  income  from  the  C.  O.  Mailloux  Fund,  amounting  to  $1000,  has 
again  been  used  to  maintain  the  four  important  sets  which  were  presented 
to  the  library  by  Mr.  Mailloux. 

Respectfully  submitted, 

Frederick  Bedell 
Philander  Betts 
DuGALD  C.  Jackson 
Malcolm  Mac  Laren 
Samuel    Sheldon,    chairman. 

Public  Policy  Committee. — The  Public  Policy  Committee  has  not  been 
called  upon,  up  to  the  present  time,  to  initiate  policies,  but  has  acted 
in  a  consulting  capacity,  considering  only  such  matters  as  have  been 
referred  to  it  by  the  proper  authorities  from  time  to  time. 

During  the  past  year  the  committee  has  held  four  meetings,  at  which 
the  following  matters  have  been  considered  and  reports  made  thereoa: 
Desirability  of  opposing  injurious  legislation  regarding  the  American^ 
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patent  system;  proper  attitude  of  Institute  Sections  towards  local  civic 
matters;  invitation  from  Secretary  of  the  Interior  Fisher  to  attend  a 
conference  at  Washington  between  government  officials  and  California 
representatives  to  consider  proper  governmental  restrictions  on  hydro- 
electric developments  wholly  or  partly  on  land  in  federal  reservations: 
form  of  credentials  for  Institute  delegates  to  other  bodies;  desirability  of 
organizing  a  national  electrolysis  committee;  proposed  rules  and  regu- 
lations for  service  supplied  by  electric  companies;  desirability  of  appoint- 
ing a  delegate  to  Advisory  Board  of  National  Conservation  Congress; 
proposed  by-law  providing  for  co-operation  of  Standards  Committee 
with  similar  committees  of  other  national  organizations;  policy  of  the 
Institute  towards  proposed  legislation  in  New  York  State  contemplating 
the  licensing  of  engineers. 

Patent  Committee. — The  Patent  Committee,  while  it  has  held  no  meet- 
ings, has  kept  in  touch  with  the  President  of  the  Institute  by  correspond- 
ence and  telegraph,  and  through  its  efforts  has,  it  is  believed,  exerted 
effectual  influence  in  preventing  adverse  patent  legislation  at  Washington. 

There  has  been  considerable  discussion  regarding  the  advisability  of 
changing  the  patent  laws  of  the  country,  and  there  was  introduced  during 
the  last  Congress  a  bill  known  as  the  Oldfield  Bill,  intended  to  rectify  some 
of  the  present  defects  of  the  Patent  Laws,  as  applied  to  patents  pending 
in  the  Patent  Office  and  after  they  are  issued.  This  bill,  while  merito- 
rious in  many  particulars,  had  certain  fundamental  weaknesses  which, 
had  the  bill  been  passed,  would  have  destroyed  many  of  the  advantages 
which  it  was  intended  to  secure,  and,  in  addition,  would  have  placed 
inventors  in  many  respects  at  a  greater  disadvantage  than  they  now  are. 

For  this  reason  it  seemed  best  to  the  members  of  the  committee  to 
oppose  the  bill  and  suggest  that  an  independent,  unbiased  commission 
be  appointed  by  the  President  of  the  United  States  to  analyze  the  entire 
patent  situation  and  make  recommendations  regarding  changes  in  the 
patent  laws.  Accordingly,  the  committee  recommended  for  passage  by 
the  Board  of  Directors  certain  resolutions,  which  had  been  suggested  by 
President  Mershon,  urging  the  Congress  of  the  United  States  to  provide 
for  such  a  commission,  and  to  hold  in  abeyance  all  proposed  legislation 
affecting  the  patent  system  until  such  time  as  the  commission  shall  have 
had  opportunity  to  hold  hearings  and  study  the  situation.  These  resolu- 
tions were  adopted  by  the  Board  of  Directors  on  November  8,  1912,  and 
copies  were  forwarded  to  each  senator  and  representative  of  the  United 
States  who  was  a  member  of  the  Senate  or  House  Committee  on  Patents. 

The  President  of  the  Institute  and  several  members  of  the  Patent 
Committee  have  been  more  or  less  active  in  the  matter,  and  the  chair- 
man has  visited  Washington  once  for  the  purpose  of  discussing  it  with 
friends  there.  Through  the  arguments  that  have  been  produced  before 
the  Oldfield  Committee  by  distinguished  inventors  and  others,  and 
partially  through  the  efforts  of  the  committee,  four  members  of  which 
were  present  in  Washington  when  the  bill  was  discussed,  the  Oldfield 
Bill  was  withheld  for  presentation  for  passage  at  the  last  Congress. 

It  is  the  opinion  of  the  committee  that  the  efforts  of  the  Institute  should 
be  directed  towards  securing  the  appointment  of  a  commission,  as  above 
suggested,  by  the  President  or  by  Congress,  for  the  purpose  of  going 
thoroughly  into  the  entire  patent  situation,  and  that  if  such  a  comniia8io& 
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cannot  be  secured,  the  Institute  should  take  an  active  part  in  watching 
and  discussing  such  patent  legislation  as  may  be  proposed  for  enactment 
by  Congress. 

Committee  on  Relations  of  Consulting  Engineers. — The  Committee 
on  Relations  of  Consulting  Engineers  has  given  consideration  to  the 
question  of  the  practicability  of  the  adoption  by  the  Institute  of  a  schedule 
of  charges  for  professional  services  analogous  to  the  schedule  of  recom- 
mended charges  which  has  been  adopted  by  the  American  Institute  of 
Consulting  Engineers,  but  the  complexity  of  the  subject  is  such  that  the 
committee  has  not  felt  itself  prepared  to  make  a  definite  recommendation 
to  the  Board  of  Directors. 

Constitutional  Revision  Committee. — The  Constitutional  Revision 
Committee  was  appointed  last  August  to  consider  whether  it  would  be 
advisable  to  revise  the  existing  constitution,  and  if  so,  to  recommend  such 
changes  as  the  committee  deemed  expedient  and  desirable.  Early  in 
December  the  committee  issued  to  the  membership,  through  The  Porum 
of  the  Procbbdings,  an  explanatory  letter  inviting  comments  and 
suggestions.  A  copy  of  this  letter  was  mailed  separately  to  the  members 
of  the  Board  of  Directors,  the  members  of  all  Institute  committees,  and 
the  officers  of  the  Sections  and  Branches.  This  letter  resulted  in  the 
receipt  of  many  helpful  suggestions  which  have  greatly  assisted  the  work 
of  the  committee.  It  is  the  consensus  of  opinion  that  the  existing  consti- 
tution is  an  exceedingly  strong  instrument,  and  the  changes  recommended 
by  the  committee  are  more  in  the  nature  of  a  readjustment  of  the  various 
sections,  with  minor  additions  and  eliminations  throughout,  rather  than 
a  rewriting  of  the  constitution.  Certain  changes  have  been  necessary 
on  account  of  inconsistencies  with  present  practise  owing  to  the  growth 
and  development  of  the  Institute.  As  no  further  revision  of  the  constitu- 
tion is  possible  this  year,  the  committee  recommends  that  its  leport  be 
transmitted  by  the  Board  to  the  succeeding  administration,  to  be  sub- 
mitted to  the  membership  next  year,  if  deemed  advisable,  in  accordance 
with  the  constitutional  procedure. 

U.  S.  National  Committee  of  International  Electrotechnical  Com- 
mission.— No  meeting  of  the  I.  E.  C.  has  been  held  since  the  Plenary 
Convention  in  September,  1911,  at  Turin.  Special  international  sub- 
committees I  ave,  however,  held  meetings  during  the  past  year;  namely,  the 
special  committee  on  symbols;  the  special  committee  on  the  rating  of 
eleclrical  machinery;  the  special  committee  on  prime  movers  in  connec- 
tion with  electrical  machinery.  These  special  committees  all  met  at 
Zurich  in  January,  1913.  Mr.  C.  O.  Mailloux  attended  the  meetings  as  the 
representative  of  the  U.  S.  National  Committee.  The  special  committee 
on  the  rating  of  electrical  machinery  also  met  at  Paris  in  May,  1912,  and 
Mr.  Mailloux  also  attended  that  meeting  as  our  representative.  A 
statement  from  General  Secretary  C.  le  Maistre  on  the  Zurich  committee 
meetings  appeared  in  the  Procbbdings  of  the  A.  I.  E.  E.  for  March,  1913, 
pp.  76-78. 

The  following  official  reports  have  been  issued  by  the  central  office  in 
London  during  the  last  year: 

No.  14.  List  of  Terms  and  Definitions. 

No.  15.  Resume  of  Meeting  of  Delegates  of  the  Special  Committee 
on  Nomenclature  held  at  Paris,  March,  1912. 
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No.  16.  Resume  of  Meeting  of  Delegates  of  the  Special  Committee 
on  Symbols  held  at  Paris,  March,  1912. 

No.  17.  Resume  of  Meeting  of  Delegates  of  the  Special  Committee 
on  the  Rating  of  Electrical  Machinery  held  at  Paris,  May,  1912. 

No.  18.   Third  Annual  Report  to  December  31, 1911. 

No.  19.  Resume  of  Meeting  of  Delegates  of  the  Special  Committee 
on  Symbols  held  at  Zurich,  January,  1913. 

No.  20.  Resume  of  Meeting  of  Delegates  of  the  Special  Committee 
on  the  Rating  of  Electrical  Machinery  held  at  Zurich,  January,  1913. 

No.  21.  Resume  of  Meeting  of  Delegates  of  the  Special  Committee 
on  Prime  Movers  in  connection  with  Electrical  Plant,  January,  1913. 

Monthly  meetings  of  the  U.  S.  National  Committee  have  been  held 
throughout  the  year  except  during  June,  July  and  August.  It  has  carried 
on  a  considerable  amount  of  correspondence  with  the  Central  Office  and 
with  the  Standards  Committee  of  the  A.  I.  E.  £. 

Committee  on  OrganiKAtion  of  International  Electrical  Congress, 
San  Francisco,  1916. — This  committee  was  appointed  last  June,  with  a 
membership  of  over  200  Institute  members,  many  of  whom  were  also 
affiliated  with  other  societies  throughout  the  United  States  and  abroad. 
The  officers,  namely  the  president,  four  vice-presidents,  the  secretary 
and  the  treasurer,  constitute  an  Executive  Committee  of  seven  mem- 
bers, upon  whom  the  preliminary  work  of  organization  has  devolved. 
The  Executive  Committee  has  held  frequent  meetings,  and  tentative 
plans  for  the  large  features  of  the  Congress  have  been  discussed  and  in  a 
number  of  respects  have  been  decided  upon.  As  now  contemplated  the 
Congress  is  to  be  divided  into  12  sections  as  follows: 

1.  Generation,  Transmission  and  Distribution. 

2.  Apparatus  Design. 

3.  Electric  Traction  and  Transportation. 

4.  Electric  Power  for  Industrial  and  Domestic  Use. 

5.  Lighting  and  Illumination. 

6.  Protective  Devices;  Transients. 

7.  Electrochemistry  and  Electrometallurgy. 

8.  Telegraphy  and  Telephony. 

9.  Electrical  Instruments  and  Electrical  Measurements. 

10.  Economics  of  Central  Stations  and  Systems. 

11.  Electrophysics. 

12.  Miscellaneous. 

The  Executive  Committee  has  under  advisement  at  the  present  time 
questions  pertaining  to  the  further  organization  of  the  Congress,  technical 
papers,  finances,  etc.  Efforts  are  being  made  to  co-ordinate  the  work  of 
the  Congress  with  that  of  the  International  Engineering  Congress  which 
is  to  meet  in  San  Francisco  two  weeks  later  than  the  Electrical  Congress. 

John  Fritz  Medal. — The  John  Fritz  Medal  for  1912  was  awarded  to 
Robert  Woolston  Hunt,  "  for  his  contributions  to  the  early  development 
of  the  Bessemer  process."  The  presentation  was  made  at  a  special 
meeting  of  the  four  national  engineering  societies  represented  upon  the 
John  Fritz  Medal  Board  of  Award,  on  December  5,  1912,  in  the  Engineer- 
ing Societies  Building,  New  York. 

.    Edison  Medal. — By  the  unanimous  vote  of  all  the  members  of  the 
Edison  Medal  Committee,  the  fourth  Edison  M«dal  was  awarded  on 
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December  13,  1912,  to  Mr.  William  Stanley,  of  Great  Barrington,  Mass., 
"  for  meritorious  achievement  in  invention  and  development  of  alternat- 
ing-current systems  and  apparatus."  The  presentation  will  be  made 
during  the  Annual  Convention  in  June. 

Board  of  Examiners. — The  Board  of  Examiners  has  held  eight  meetings 
during  the  year.  It  har  considered  and  referred  to  the  Board  of  Directors 
with  its  recommendations  a  total  of  1455  applications  of  all  classes.  A 
summary  of  these  is  as  follows: 

Recommended  for  election  to  the  grade  of  Associate 803 

Recommended  for  election  to  the  grade  of  Member 7 

Recommended  for  election  to  the  grade  of  Fellow 1 

Not  recommended  for  election  to  the  grade  of  Associate.  4 

Recommended  for  transfer  to  the  grade  of  Member 34 

Recommended  for  transfer  to  the  grade  of  Fellow 11 

Not  recommended  for  transfer  to  the  grade  of  Member. .  2 

Not  recommended  for  transfer  to  the  grade  of  Fellow. ...         11 
Recommended  for  enrolment  as  students 582 

Total 1455 

Membership. — The  net  increase  in  membership  for  the  year  was  195. 
The  following  table  shows  the  number  of  members  in  each  grade,  the  total 
membership,  and  the  additions  and  deductions  which  have  been  made 
during  the  year. 


Honorary 
Member 

Fellow 

Member 

Associate 

Total 

Membership.  April  80.  1912 

6 

724 

6730 

7469 

Additions: 

Elected 

317 

1 

6 
443 

4 

6 

3 

8 

314 

746 
30 

24 
134 
416 
446 

Transferred 

Reinstated 

Deductions: 

Died 

Resigned 

Titwsferred 

Membership.  AprU  30.  1913 

6 

316 

847 

6486 

7654 

Net  increase  in  membership  during  the  year 105 

Deaths, — The  following  deaths  have  occurred  during  the  year: 

Fellow. — Horatio  A.  Foster. 

Members. — Francis  Blake,  Philip  Diehl,  F.  B.  Herzog,  J.  A.  McCros- 
san  and  F.  A.  Warren. 

Associates. — Berthil  Anderson,  C.  C.  Badeau,  A.  W.  Ballard,  S.  B. 
Charters,  Jr.,  John  T.  Cowling,  H.  L.  Cummings,  Jr..  Jos.  Le  Conte  Davis, 
C.  E.  Dc  Crow,  M.  A.  Deviny,  Albert  J.  Doty,  John  W.  Early,  Harry 
P.  Elden,  K.  W.  Endres,  Harold  Gay,  John  F.  Hammond,  James  W. 
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Johnson,  H.  A.  Knoener,  W.  P.  Mifflin,  Robert  C.  Reed,  William  Schulz, 
U.  E.  Taubenheim,  H.  C.  ter  Meer,  Edward  G.  Warren  and  Alfred  T. 
Ziegler. 

Total  deaths.  30. 

Finance  Committee. — The  following  correspondence  and  financial 
statements  form  a  complete  summary  of  the  work  of  the  Finance  Com- 
mittee for  the  year. 

New  York.  May  14.  1913. 
Board  of  Directors, 

American  Institute  of  Electrical  Engineers. 
Gentlemen: 

Your  Finance  Committee  respectfully  submits  the  following  report 
for  the  year  ending  April  30,  1913. 

During  the  past  year  the  committee  has  held  monthly  meetings,  has 
passed  upon  the  expenditures  of  the  Institute  for  various  purposes,  and 
otherwise  performed  the  duties  prescribed  for  it  in  the  Constitution  and 
By-laws.  Haskins  and  Sells,  chartered  accountants,  have  audited  the 
Institute  books  and  their  certification  of  the  Institute  finances  follows. 

In  company  with  your  Secretary  and  a  member  of  the  firm  of  chartered 
accountants,  the  committee  has  examined  the  securities  held  by  the  Insti- 
tute and  find  them  to  be  as  stated  in  the  accountants'  report. 

It  will  be  noted  that  there  is  a  deficit  of  $11,630.38  for  the  fiscal  year. 
This  has  been  caused  principally  by  the  unusual  number  of  Institute 
meetings  and  conventions  held  throughout  the  country,  and  the  un- 
precedented  number  of  technical  papers  and  discussions  presented  at  these 
meetings,  resulting  in  a  corresponding  increase  in  the  amount  of  printed 
matter  distributed  to  the  membership  in  the  monthly  Proceedings  and 
annual  Transactions. 

The  expense  of  printing  the  papers  presented  at  the  Annual  Convention 
of  June,  1912,  and  the  Midwinter  Convention  held  in  New  York  in  Febru- 
ary, 1913,  as  well  as  other  Institute  meetings  held  late  in  the  spring  of 
1912,  has  been  concentrated  in  this  fiscal  year,  resulting  in  an  expenditure 
on  account  of  the  Meetings  and  Papers  Committee  this  year  of  $11,650. 32 
more  than  during  the  preceding  year,  which  is  almost  exactly  the  amount 
of  the  deficit. 

This  will  tend  to  adjust  itself  during  the  next  fiscal  year,  because  the 
holding  of  the  additional  Midwinter  Convention,  the  principal  expenses 
of  which  have  already  been  paid,  will  enable  the  Meetings  and  Papers 
Committee  to  reduce  to  some  extent  the  publishing  expenses  of  the  com- 
ing Annual  Convention. 

This,  together  with  the  increase  in  dues  for  the  new  grade  of  Fellow, 
plus  that  of  the  large  number  of  Associates  transferred  to  the  grade  of 
Member,  will,  it  is  believed,  result  in  the  expenditures  of  the  coming  year 
being  well  within  the  income  of  the  Institute. 

Respectfully  submitted, 

Charles  W.  Stone, 
Chairman,  Finance  CommiUee, 
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New  York,  May  12,  1013. 
American  Institute  of  Electrical  Engineers, 

33  West  39th  Street,  New  York. 
Dear  Sirs: 

Pursuant  to  engagement,  we  have  audited  the  books  and  accounts  of 
the  American  Institute  of  Electrical  Engineers  for  the  year  ended  April 
'  30,  1913,  and  submit  herewith  our  certificate  and  the  following  described 
exhibits: 
Exhibit 

"  A  "—General  Balance  Sheet—April  30,  1913. 

"  B  " — Statement  of  Cash  Receipts  and  Disbursements  for  the  Year 
Ended  April  30,  1913. 

*'  C  " — Statement    of   Cash  Receipts  and  Donations  for  Designated 
Purposes.  Also  Disbursements,  for  the  Year  Ended  April  30,  1913. 

Yours  truly, 
(Signed)   HASKINS  &  SELLS 

Certified  Public  Accountants. 


CERTIFICATE 
We  have  audited  the  books  and  accounts  of  the  American  Institute  of 
Electrical  Engineers  for  the  year  ended  April  30,  1913,  and 

We  Hereby  Certify  that  the  accompanying  General  Balance 
Sheet  properly  sets  forth  the  financial  condition  of  the  Institute  on  April 
30,  1913,. that  the  Statements  of  Cash  Receipts  and  Disbursements  are 
correct,  and  that  the  books  of  the  Institute  are  in  agreement  therewith. 

(Signed)  HASKINS  &  SELLS 
Certified  Public  Accountants. 
New  York, 
May  12,  1913. 
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AMERICAN  INSTITUTE  OF 

Gbnbral  Balance  Shbbt 
Exhibit  A. 

Assets. 

Land  and  Building: 

Interest  in  Engineexing  Societies  Building.  (26  to  33  West 

39th  Street) $353.346 .  61 

One-third  Cost  of  Land  (25  to  33  West  30th  Street) 180.000.00 

Total  Land  and  Building 1533.346.61 

Equipment: 

Library — Volumes  and  Fixtures $33.iMM.36 

Works  of  Art,  Paintings,  etc 2.656.35 

Office  Furniture  and  Fixtures 10.032.33 

Total  Equipment 47.576.04 

Investments: 
Bonds: 

New  York  City.  41%.  1017.  Par    S8.000.00. 

New  York  City.  41%,  1057.  Par  122,000.00 131.052.60 

City  of  Wilmington.  Delaware.  44%.  1034.  Par  115.000.00        15.007.50 
Chicago.  Burlington  &  Quincy  Railroad  Coms>any.  4%. 

1058.  Par  115.000.00 14.606.25 

Stock — Westinghouse  Electric  ft  Manufacturing  0>mpany. 

Par  160. 00 50.00 

Total  InvestmenU 62.606.26 

Inventoey — Boors  Entitled  "  Tsansactions  ** 7.628 .  25 

Badges 016. 80 

Current  Assets: 

Cash  in  Bank 12.573.00 

Secretary's  Petty  Cash  Fund 1.250.00 

Accounts  Receivable: 

Members,  for  Past  Dues 7.175.00 

Advertisers 1.428.00 

Miscellaneous 601 .  54 

Interest  Accrued — Investments 831 .  25 

Interest  Accrued — Bank  Balances 86 .68 

Total  Current  Assets 14.035.56 

Funds — (See  Contra): 
Land,  Building,  and  Endowment  Fund: 

Cash 17.115. 32 

Interest  Accrued 73.41 

17.188.73 

Life  Membership  Fund: 

Cash 15.525.87 

Interest  Accrued 40.00 

5.565.87 

International  Electrical  Congrew  of  St.  Louis — 

Library  Fund: 

Cash 1472.00 

New    York    City    Bonds.    4|%.    1057.    Par 

12.000.00 2.268.00 

Interest  Accrued 46.00 

2.785.00 

MaiUoux  Fund: 

Cash 177.56 

New  York  Telephone  Company  Bond,  44%, 

1030 1,000.00 

Interest  Accrued 22.50 

1.100.06 

General  Library  Fund: 

Cash 1277.05 

Interest  Accrued 2 .  86 

280.80 

Weaver  Donation — Cash 6.60 

Total  Funds 16.027.23 

Total /^-^683.0S5.74 
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ELECTRICAL  ENGINEERS 
April  30,  1913 

LlABILITIBS. 

Bond  and  Mortgage — United  Engineering  Society — One-third 

Interest  in  Land,  25  to  33  West  39th  Street 154.000 .00 

CURSBNT  LlABILITIBS: 

Note  Payable 110.000.00 

Accounts   Payable— Subject  to  Approval  by  the  Finance 

Committee 4.335.91 

Interest  Accrued  on  Mortgage 720.00 

Interest  Accrued  on  Note  Payable 131 .  25 

Total  Current  Liabilities 15.187. 16 

Funds — (See  Contra): 

Land,  Building,  and  Endowment  Fund 17.188. 73 

Life  Membership  Fund 5.565.87 

General  Library  Fund 280.80 

Mailloux  Fund 1,100.05 

International  Electrical  Congress  of  St.  Louis — Library  Fund  2.785.09 

Weaver  Donation 6 .  69 

Total  Funds 16.927.28 

Reserve  for  Depreciation  of  Furniture  and  Fixtures 8,737.95 

Surplus— Balance,  May  1.  1912 1604.813.78 

Less  Net  Deficit  for  Year 11.630.38 

593.183.40 


/ 


/ 


Total. 


I683.035.7J         I 
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AMERICAN  INSTITUTE  OF 
Statbmbnt  of  Cash  Rbcbipts  and 


Endbd  April 


Exhibit  B. 

Balancb  May  I.  1012: 

General  Ceah J9 .277 .  02 

Secretary's  Petty  Cash  Fund 750.00 

Rbcsipts: 

Notes  Payable— Loan  Farmers  Loan  ft  Trust  Company. . . . 

Entrance  Pees 13.886.00 

Current  Dues 70.260. 26 

Past  Dues 4.663.00 

Student's  Dues 4.036.00 

Advance  Dues 160.00 

Transfer  Pees 240.00 

B  adges  Sold 2 .260 .  00 

Sales  "  Transactions,"  etc 11.661 .03 

Subscriptions  to  Proceedings 2.610.80 

Advertising 10.000.26 

Binding 126.00 

Exchange 23.32 

Italian  Memorial  Committee 

Interest — Investmento 2.020.00 

Interest — on  Bank  Balances 443 .06 

Tota'  Rsceints 


110.027.02 
110.000.  Uii 


86.481.216 


14.310.41 
120.00 


3.000.06 
1112.081.61 


Total. 


Digitized  by 


Google 


1913] 


REPORT  OF  BOARD  OF  DIRECTORS 


2101 


ELECTRICAL  ENGINEERS. 
Disbursements  foe  the  Year. 
30,  1913 

DiSBUSSBMBNTS: 

Meetings  and  Papen  Committee: 

Printing  Proceedings 11.714 .98 

Engravinnfor    *      2.426.21 

Paper  and  cover  stock  for  Proceedings 7,637 .  21 

Envelopes  for  Proceedings 611 .  37 

Binding  and  Mailing  Proceedings 6.020.41 

Salaries 13.967 .  26 

Stationery  and  Miscellaneons  Printing 469 .69 

General  Expenses 68.76 

Meetings 7.906.78 

Volume  No.  30  of  Transactions 10.914.71 

Volume  No.  31  of  Transactions 960.30 

ToUl  Diabursements  Meetings  and  Papers  Committee 163.486 .  66 

Executive  Department: 

General  Bxncnses 12.335.30 

United  Engineering  Society — Assessments 3.376.00 

Salaries 16.583.76 

Express    Charges 230.26 

Postage 3.127.32 

Badges  Purchased 2.399 .  14 

Advertising 1.999.60 

Office  Furniture  and  Fixtures 782.08 

Stationery  and  Miscellaneous  Printing 3.589 .  46 

Year  Book  and  Catalogue 2.841.57 

Interest  on  Mortgage t 2.160.00 

Total  Disbursements  Executive  Department 88.428.48 

Sections  Committee: 

Sections  Meetings 13.544.22 

Branch           •        189.43 

Delegates  to  Convention — Traveling  Expenses 1.763 .  64 

Salary  and  Traveling  Expenses — Honorary  Secretary 4.345 .  29 

Salanes.  New  York  Office 2.136 .00 

Stationery  and  Printing— New  York  Office 659 .  75 

Express  Charges 6.85 

Total  Disbursements  Sections  Committee 12.645. 18 

Library  Committee 4.557.78 

Indexing  Transactions  Committee 1.728.70 

International  Blectrotechnical  Commission 86.25 

Annual  Function 871 .00 

Finance  Committee 150.00 

Public  Policy  Committee 8.50 

Standards  Committee 7.00 

Code  Committee 3.50 

Code  of  Principles  of  Professional  Conduct  Committee 6  50 

Edison  Medal  Committee 14.25 

President's  Special  Appropriation 424 .80 

Reception  to  Honorary  Member  C.  B.  L.  Brown 106. 15 

Panama  Convention 216.95 

Italian  Memorial  Committee 325.25 

Rearrangement  of  Offices 5.667.66 

Special  Reception  to  Foreign  Engineers 82.84 

Herbert  Adams  Testimonial 100.00 

John  Frita  Medal 262 .09 

B.  D.  Adams  Special  Library  Fund 61 .60 

Total  Disbursements 1119.185.54 

Balancb.  April  30.  1913: 

Cash  in  Bank 12.573.09 

Secretary's  Petty  Cash  Fund 1.250.00 


13.823.09 
tl93.00B.6S 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 

Statement  OF  Cash  Receipts  and  Donations  for  Designated  Pur- 
poses.    Also  Disbursements,  for  the  Year  Ended  April  30,    1913 

Exhibit  C. 

Rbcbipts  and  Donations: 

Land,  Building  and  Endowment  Fund — Donations.  Interest,  etc |1,807. 79 

Life  Member^p  Fund 1.178.50 

International  Electrical  Congress  of  St.  Louis  Library  Fund  Donations,  and 

Interest 103.25 

Maillouz  Fund.  Interest 45.00 

General  Library  Fund.  Interest 6. 80 

Total I3.U1.43 

DlSBUESEM  BNTS : 

Life  Membership  Fund 1480.00 

Mailloux  Fund 46.00 

International  Electrical  Congress  of  St.  Louis  Library  Fund 3 .  84 

Total 1520.88 


RECEIPTS  AND  DISBURSEMENTS  PER  YEAR  PER  MEMBER. 
During  each  fiscal  year  for  the  past  eight  years. 

Year  ending  AprU  30 lOOf      1007      1008       1008       1010       1011       1012 '     lOlS 

Membership.  April  30.  each 
year 3870      4521       5674       6400      6681       7117      7459       7654 

Receipts  per  Member $12.77  $12.21  $13  01  $13.21  $13.35  $13.37  $13.19  $13.45 

DisbursemenUper  Member  10.48     11.62     11.73     10.49     12.03     11.03     12.44     15  57 

Credit  Balance  per  Member  $2.29       $.59    $1.28     $2.72     $1.32    $2.34      $.75  *S2.12 
•  Deficit. 

The  deficit  indicated  above  was  caused  principally  by  the  unusual 
number  of  meetings  held  during  the  past  fiscal  year,  with  the  conse- 
quent increased  expenditures  for  publishing  the  Proceedings  and 
Transactions,  as  explained  in  the  Finance  Committee's  report  in- 
cluded herein;  by  the  expense,  amounting  to  $5,667.56,  for  rearranging 
the  Institute  headquarters  in  order  to  provide  better  accommodations 
for  the  convenience  of  out-of-town  members;  and  by  an  increase  of 
over  $3,000.00  in  the  expenditures  on  account  of  the  activities  of  the 
Sections  and  Branches. 


Respectfully  submitted  for  the  Board  of  Directors, 

P.  L.  HUTCHINSON,  Secretary 
New  York.  May  20,  1913. 
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DISCUSSION  GROUP  I  PAPBRS 

pp.  16t-SBT 

HMtinc,  H«at  MMiuremMiU,  Ratiiif  By  Hcftt 

(a)  Moving  Machinery 
Notes  on  Internal  Heating  of  Stator  Coils,  By  R.  B.  Williamson. 
Measurement  o'  Temperature  on  Rotating  Electric  Machines,  by  L. 

W.  Chubb,  E.  I.  Chute,  and  O.  W.  A.  Getting. 
Methods  of  Determining  Temperature  of  A-C.  Generators  and  Motors 

and  Room  Temperature,  by  H.  G.  Reist  and  T.  S.  Eden. 
Thermocouples  and  Resistance  Coils  for  the  Determination  of  Local 

Temperatures  in  Electrical   Machines,  by  J.  A.  Capp  and  L.  T. 

Robinson. 

(6)   Transformers 

Methods  of  Determining  Temperature  of  Transformers  and  of  Cooling 
Medium,  by  S.  E.  Johannesen  and  G.  W.  Wade. 

Methods  of  Measuring  Temperature  of  Transformers,  by  C.  Fortescue 
and  W.  M.  McConahey. 

Correction  of  Transformer  Temperature  for  Variation  of  Room  Tem- 
perature, taking  into  Account  both  Copper  and  Iron  Losses,  by  C. 
Fortescue. 

(c)  Temperature  Correction 

The  Temperature  Rise  of  Stationary  Induction  Apparatus,  by  J.  J. 
Frank  and  W.  O.  Dwyer 

Effect  of  Room  Temperature  on  Temperature  Rise  of  Motors  and  Gen- 
erators, by  M.  W.  Day  and  R.  A.  Beekman. 

Effect  of  Air  Temperature,  Barometric  Pressure  and  Humidity  on  the 
Temperature  Rise  of  Electrical  Apparatus,  by  C.  E.  Skinner,  L.  W. 
Chubb  and  Phillips  Thomas. 

A  Laboratory  Investigation  of  Temperature  Rise  as  a  Function  of  At- 
mospheric Conditions,  by  C.  B.  Blanchard  and  C.  T.  Anderson. 

Laws  of  Heat  Transmission  in  Electrical  Machinery,  by  Irving  Langmuir. 

(d)  Cable  Heating 

Current  Rating  of  Electric  Cables,  by  R.  W.  Atkinson  and  H.  W.  Fisher. 
The  Heating  of  Cables  Carrying  Current,  by  S.  Dushman. 

Discussion  pages  359-400.  by  Messrs.  Comfort  A.  Adams,  S.  Dush- 
man, William  F.  Dawson,  Leo  Schuler,  C.  O.  Mailloux,  M.  W.  Day, 
H.  M.  Hobart.  Charles  P.  Steinmetz,  W.  A.  Durgin,  B.  G.  Lamme, 
M.  E.  Leeds,  L.  W.  Chubb,  L.  T.  Robinson,  R.  F.  Schuchardt,  Elmer 
I.  Chute.  A.  E.  Kennelly.  James  Burke,  Robert  Lundell,  F.  D.  Newbury, 
B.  A.  Behrend,  Alexander  Gray,  R.  B.  Williamson.  Sclby  Haar,  E.  W. 
Stevenson.  C.  Fortescue.  John  J.  Frank,  J.  M.  Weed,  Carl  J.  Fechheimer. 
Paul  MacGahan;  H.  L.  Wallau.  A.  Herz,  D.  W.  Roper.  Edmond  C. 
Stone,  C.  P.  Randolph,  and  E.  D.  Edmonston. 

General  remarks  on  relative  merits  of  different  methods  of  tempera- 
ture measurement  in  connection  with  the  rating  of  electrical  machinery. 
Thermal  data  from  experience  with  electrical  machinery,  apparatus 
and  materials.  Results  of  extensive  tests  on  current-carrying  capacity 
and  different  types  of  cables.     Temperature  rise  calculations. 
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POTBHTIAL  WAVES  OF  ALTBRHATIHG-CURRBHT  GBITBRATORS 
W.  J.  FMtor  VoL  nm— 19U.  pp.  T49-TM 

Collection  of  e.m.f.  wave  shapes  to  show:  first,  the  evolution  of  a.  c. 
generators;  second,  the  effect  of  load  and  no-load  shapes;  third,  typical 
waves  of  machinery  in  extensive  commercial  service. 

Discussion  under  Group  IV. 

WAVE  DISTORTIONS  AND  THBIR  EFFECTS  ON  ELECTRICAL  APPARATUS 
P.  M.  Lincoln  VoL  xodi— ItU,  pp.  T«»-Tr4 

General  remarks  on  wave  distortion  and  criticism  of  Institute  10  per 
cent  Rule.     Discussion  illustrated  by  analysis  of  few  actual  cases. 
Discussion  under  Group  IV. 

A  PROPOSED  WAVE  SHAPE  STANDARD 
CmsIim  M.  DftTis  Vol.  zzzii— 19II.  pp.  TTt-VSS 

Criticism  of  Institute  10  per  cent  Rule  and  definite  suggestions  for  new 
rules.  Also  description  of  apparatus  and  method  of  measuring  the  pro- 
posed distortion  ratio      Appendix  giving  derivation  of  distortion  ratio. 

Discussion  under  Group  IV. 

DISCUSSION   GROUP  IV  PAPERS 

pp.  TSi-tlM 

Miflcellaneou  SnbjecU  ReUdsf  to  Rating 
(a)  OilSvfiUhes 
Rating  of  Oil  Circuit  Breakers  with  Reference  to  Rupturing  Capacity, 
by  G.  A.  Bumham. 
(6)  Spark  Gap 
The  Sphere  Spark  Gap,  by  S.  W.  Farnsworth  and  C.  Fortescue. 
The  Calibration  of  the  Sphere-Gap  Voltmeter,  by  L.  W.  Chubb  and  C. 
Fortescue. 

(c)   Wave  Form 
Potential  Waves  of  A-C.  Generators,  by  W.  J.  Foster. 
Wave  Form  Distortions  and  Their  Effect  on  Electrical  Apparatus,  by 

P.  M.  Lincoln. 
A  Proposed  Wave  Shape  Standard,  by  Cassius  M.  Davis. 

(J)  Regulation 
The  Experimental  Determination  of  the  Regulation  of  Alternators,  by 

A.  B.  Field. 
Regulation  of  Definite  Pole  Alternators,  by  Soren  H.  Mortensen. 
Generator  and  Prime  Mover  Capacities,  by  David  B.  Rushmore  and  £.  A. 
Lof. 
Discussion,  pages  B07-854,  by  Messrs.  Paul  M.  Lincoln,  M.  G.  Lloyd, 
F.  D.  Newbury,  Ford  W.  Harris,  Chester  Lichtenberg,  F.  W.  Peek.  Jr., 
C.  E.  Skinner,  J.  A.  Sandford,  Jr.,  Comfort  A.  Adams,   L.   W.   Chubb, 
Percy   H.  Thomas,  C.  Fortescue,  M.  W.  Franklin,  Charles  P.  Steinmetx, 
J.  B.  Whitehead,  F.  M.  Farmer  and  E.  D.  I>oyle,  B.  G.  Lamme,  A.  £. 
Kennelly,  Charles  F.  Scott,  L.  T.  Robinson,  Taylor  Reed,  Cassius  M. 
Davis,  S.  S.  Seyfert,  Alexander  Gray.  Frank  T.  Leilich,  W.  L.  Waters. 
George  Smith.  C.  J.  Fechheimer  and  Leo  Schuler. 

General  remarks,  criticisms  and  suggestions.  Test  data,  calibration 
curves  and  laws  of  sphere-gap  voltmeter.  Wave-form  measurement,  test 
data.     Calculation  of  alternator  regulation  and  description  of  method. 
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THB  APPLICATION  OF  A  THEOREM  OF  ELECTRO-STATICS  TO  INSULATION 

PROBLEMS 
C.  Forteicue  Vol.  xzxii— 19U,  pp.  MT-tU 

Mathematical  analysis  of  electric  field  about  a  sphere  and  various  other 
geometric  shapes.  Application  of  flux  distribution  theory  to  design  of 
core  and  shell- type  transformer  insulation.  Diagrammatic  illustrations  of 
transformer  insulation  construction.  Pin  and  suspension  type  line  in- 
sulators designed  upon  same  principles.     1,000,000- volt  transformer. 

Discussion  (including  that  of  paper  by  Messrs.  C.  L.  Fortescue  and  S. 
W.  Farnsworth),  pages  926-951,  by  Messrs.  Percy  H.  Thomas,  Ralph  D. 
Mershon,  C.  O.  Mailloux,  F.  W.  Peek,  Jr.,  A.  E.  Kennelly,  Philip  Torchio, 
J.  Murray  Weed,  Harris  J.  Ryan  and  C    Fortescue. 

General  remarks  on  insulation  design  and  the  dielectric  circuit.  Sharp 
criticism  and  hearty  praise  of  author's  papers.  Effect  of  lightning  stroke 
and  high  frequency  upon  insulator  design.  Limitations  of  condenser 
type  terminals.  Effect  of  frequency,  external  bodies,  surface  conduction 
upon  insulation  design. 

RADIOACTIVITY 
B4win  PUmpton  AdaaiB  Vol.  znU— itlS,  pp.  tM-KMIT 

Series  of  lectures  upon  radioactivity  and  the  electronic  theory  tak  ng  up 
the  fundamental  principles  of  physics,  chemistry  and  electricity  and  ex- 
plaining them  in  the  light  of  the  electronic  theory.  Examples  of  the  sim- 
pler calculations  and  description  of  experimental  methods. 

No  discussion. 

ELECTROLYTIC  CORROSION  OF  IRON  IN  SOILS 
Barton  McCoUum  and  K.  H.  Logan  Vol.  xxzU— itlS,  pp.  1S4B-140S 

Experimental  investigation  of  electro' y sis  of  iron  in  soil  from  various 
cities  taking  up  each  variable  factor  separately  and  determining  its  in- 
fluence upon  corrosion.  Effect  of  current  density,  moisture,  temperature, 
depth  of  burial,  oxygen,  kind  of  iron,  chemicals  in  soil,  etc.  upon  corrosion 
efficiency.  Experimental  study  of  earth  resistance  and  the  factors  that 
affect  it.     Detailed  description  of  tests  and  tabulation  of  results. 

Discussion,  pages  1404-1412,  by  Messrs,  J.  L.  R.  Hayden,  Alexander 
Maxwell,  D.  C.  Jackson,  Hugh  T.  Wreaks,  Harold  V.  Bozell,  Harry 
Barker,  F.  C.  Caldwell,  J.  C.  Lincoln,  Henry  G.  Stott,  Albert  F.  Ganz  and 
Burton  McCollum. 

General  remarks  on  electrolysis  from  street  railway  currents  and  its 
prevention. 

THEORY   OF  THB  NON-ELASTIC  AND  ELASTIC   CATENARY  AS  APPLIED  TO 

TRANSMISSION  LINES 
C.  A.  Pierce,  F.  J.  Adams  and  G.  I.  GUchrest  Vol.  zzzii— itlS,  pp.  UtC-lMl 

Mathematical  development  of  catenary  curve  and  deduction  of  simple 
equations  for  practical  calculations.  Experimental  results  compared 
with  calculations  by  the  author's  method. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "  Elec- 
trica'  Requirements  of  Certain  Machines   n  the  Rubber  Industry." 

THE  ELECTRIC  STRENGTH  OF  AIR.— IV 
J.  B.  Whitehead  and  T.  T.  Fitch  Vol.  zzzii— ItlS,  pp.  ITST-lTfS 

Description  of  tests  and  apparatus  and  discussion  of  results  of  a  series  t 

of  investigations  on  the  effects  of  pressure,  temperature  and  density  upon-^O^^^ 
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the  formation  of  corona.  Results  tabulated  and  plotted  as  curves.  Re- 
view of  earlier  work  on  corona.  Application  of  ionization  theory  to  corona 
formation.     Bibliography  of  corona  and  dielectric  strength  of  air. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  "  An 
Oscillograph  Study  of  Corona." 

THE  POSmVB  AND  THE  NBOATIVB  CORONA  AND  BLBCTRICAL  PRBCIPTTATION 
W.  W.  Strong  Vol.  zadl— Mil,  pp.  ITH-iTM 

Investigation  of  corona  losses  with  uni-directional  current  in  apparatus 
designed  for  the  utilization  of  corona  for  precipitating  dust,  smoke,  etc. 
from  fumes.  Description  of  apparatus  and  tests.  Results  tabulated  and 
plotted  as  curves  for  both  directions  of  the  current. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  *'  An 
Oscillograph  Study  of  Corona." 

LAW  OF  CORONA  AND  DIELECTRIC  STRENGTH  OF  AnL—TJl 
F.  W.  Pook,  Jr.  Vol.  zndi— 19U,  pp.  ITfT-iTM 

Experimental  investigation  and  development  of  the  laws  of  corona 
formation  and  rupture  gradient  of  air  or  gas  including  effects  of  tempera- 
ture, density,  pressure  above  and  below  atmosphere,  spacing,  etc.  Tests 
on  rods  and  spheres.  Results  tabulated  and  plotted  as  curves.  Equa- 
tions given  for  calculation  of  gradient  between  rods  and  between  spheres. 
Rupture  explained  both  by  critical  energy  and  by  ionization. 

Discussion  incorporated  with  that  of  paper  of  Edward  Bennett  on  "  An 
Oscillograph  Study  of  Corona." 

AN  OSCILLOGRAPH  STUDY  OF  CORONA 
Edwvd  Bennett  VoL  xizii— itU.  pp.  ITtT-ttM 

Experimental  investigation  of  corona  by  means  of  oscillograms  of  the 
charging  current  to  a  conductor  producing  corona.  Description  of  method 
and  apparatus  for  making  the  oscillograms.  Oscillograms  of  charging 
current  over  a  range  of  e.m.f.  above  and  below  corona  e.m.f.  with  a  de- 
tailed study  and  searching  analysis  of  each  curve. 

Discussion,  (including  that  of  papers  by  Messrs.  J.  B.  Whitehead  and 
T.  T.  Fitch,  W.  W.  Strong,  and  F.  W.  Peek,  Jr.,)  pages  1810-1828,  by 
Messrs.  C.  F.  Scott,  L.  T.  Robinson,  J.  B.  Whitehead,  Alan  E.  Flowers, 
F.  W.  Peek,  Jr.,  J.  B.  Taylor,  W.  H.  Pratt,  P.  M.  Lincoln,  Edward  Bennett 
William  J.  Hammer,  and  Harris  J.  Ryan. 

General  remarks  on  corona — investigations  and  experiences.  Use  of 
corona  for  e.m.f.  measurement.  Measurement  of  e.m.f.  independent  of 
frequency.  D-c.  corona.     Effect  of  frequency  upon  corona  losses. 

INSTABILITY  OF  ELECTRIC  CIRCUITS 
Chtflee  P.  StoinmetB  Vol.  zxxU— 1911,  pp.  tOM-Mtl 

Analysis  of  transient,  unstable  equilibrium  and  permanently  unstable 
conditions  in  electric  circuits  using  practical  examples  of  each  to  explain 
the  principles  involved.  Electrical  equilibrium  as  affected  by  switching, 
formation  of  arcs,  unstable  loading  of  induction  motors,  hunting  of  syn- 
chronous machines,  etc.  Equations  for  use  in  determination  of  synchro- 
nizing and  damping  powers  in  synchronous  machines. 

No  discussion. 
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THE  DISLBCTRIC  STRENGTH  OF  THIH  UfSULATING  MATERIALS 
F.  M.  Farmer  Vol.  mdi— ItiS,  pp.  t09T-U10 

Description  of  method  and  restdts  of  tests  to  determine  the  effect  of 
electrode  area  upon  the  apparent  dielectric  strength  of  instdating  materials 
in  comparatively  thin  sheets.  Tests  covering  varnished  cloth,  hard  rub- 
ber, oil  and  air  under  various  conditions. 

Discussion^  pages  2111-2131,  by  Messrs.  F.  W.  Peek,  Jr., Phillips 
Thomas,  R.  P.  Jackson,  C.  E.  Skinner,  H.  W.  Fisher,  M.  E.  Tressler,  E.  B. 
Rosa,  Clayton  H.  Sharp,  John  B.  Taylor,  A.  E.  Kennelly,  H.  M.  Hobart, 
W.  I.  Middleton,  F.  M.  Farmer,  and  J.  W.  Milnor. 

Account  of  experience  in  the  testing  of  insulating  materials  with  re- 
sults and  description  of  methods  and  apparatus.  Theory  of  insulation 
strength  of  gases,  liquids  and  solids.  Mathematical  demonstration  of 
author's  results  with  varying  size  of  electrode  by  means  of  law  probability. 

3.  UNITS  MEASUREMENTS  AND  INSTRUMENTS 

TEMPERATURE  AND  ELECTRICAL  INSXTLATION 
C.  P.  Steinmetz  and  B.  O.  Lamme  Vol.  zzzB— ItU,  pp.  T8-M 

Statement  of  the  problem  of  temperature  limitations  of  insulating  ma- 
terials used  in  electrical  machines.  Classification  of  insulating  materials 
with  respect  to  working  temperature.  General  character  of  heat  flow  in 
electrical  machinery.  Temperature  measurement  and  recommendations 
for  standardization  of  temperature  limitations  and  methods  of  measure- 
ment. 

Discussion  incorporated  with  that  of  paper  by  Messrs.  W.  L.  Merrill, 
W.  H.  Powell  and  Charles  Robbins,  on  "  Methods  of  Rating  Electrical 
Apparatus." 

MEA8UREMEHT  OP  TEMPERATURE  IN  ROTATING  ELECTRIC  MACmNES 
L.  W.  Chnbb,  E.  I.  Chute  and  O.  W.  A.  Oetting  Vol.  zadl— 19U.  pp.  lU-lTB 

Criticisms  and  comments  on  the  thermometer  and  resistance  methods  of 
measuring  temperature  of  electrical  machinery.  Description  of  special 
methods  of  temperature  measurement  including  resistance  exploring 
coils  and  thermocouples.  Tests  of  temperature  distribution  in  iron  and 
copper  of  revolving  field  generator.  Criticism  of  present  standardization 
rules  on  temperature  limits  and  measurements.  List  of  recommendations 
for  improved  rules. 

Discussion  under  Group  I. 

METHOD    OF   DETERMINING   TEMPERATURE    OF   ALTERNATING   CURRENT 

GENERATORS  AND  MOTORS  AND  ROOM  TEMPERATURE 
Henry  G.  Relet  end  T.  S.  Edes  Vol.  zzzU— 19U,  pp.  1TT-1S4 

Experimental  investigation  of  thermometer  design  for  measurement 
of  the  true  temperature  of  electrical  machinery.  Comparison  of  results 
with  thermometer,  resistance  and  exploring  coil  methods.  Correction 
factors  for  temperature  6{  enclosed  machines. 

Discussion  under  Group  I. 

THERMOCOUPLES  AND  RESISTANCE  COILS  FOR  THE  DETERMINATION   OF 

LOCAL  TEMPERATURES  IN  ELECTRICAL  MACHINES 
J.  A.  Cepp  and  L.  T.  Robineon  Vol.  nzii— 19II,  p^  iSf-lfO 

General  analysis  of  the  methods  of  measuring  temperature  in  electrical 
machinery  giving  relative  merits  of  thermometers  change  of  resistance 
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of  windings,  resistance  thermometers,  special  resistance  coils  and  thermo- 
couples. 

Discussion  imder  Group  I. 

METHODS  OF  DBTBRMININO  TBMPBRATURB  OP  TRANSPORMBRS  AlTD  OF 

COOUNO  MBDnnc 
8.  B.  JohaniieBeii  and  G.  W.  Wade  Vol.  xodi— Mil,  pp.  iU-SU 

Analytical  discussion  of  the  various  practical  methods  of  measuring 
temperature  with  special  reference  to  the  effect  of  changes  in  the  cooling 
conditions  or  room  temperature.  Tests  showing  the  effect  of  using  an 
idle  transformer  for  determining  the  temperature  lag  correction  factor. 
Recommendations  for  modifications  of  the  standardization  rules  to  cover 
use  of  idle  transformer  in  temperature  measurements. 

Discussion  under  Group  I. 

METHODS  OF  DBTERMIinNO  TEMPERATURE  OF  TRANSFORMERS 
W.  M.  MeCooAhey  and  C.  Fortescue  Vol.  ntzu— itlS,  pp.  SIS-IM 

Conditions  affecting  temperature  of  transformers  under  load.  Test- 
ing effectiveness  of  cooling  or  ventilation.  Methods  of  loading  transfor- 
mers for  temperature  tests,  followed  by  description  of  alternate  open  and 
short-circuit  method  of  testing  a  single  transformer  together  with  mathe- 
matical proof  and  actual  test. 

Discussion  under  Group  I. 

CORRECTION  OF  TRANSFORMER  TEMPERATURES  FOR  VARIATION  IN  ROOM 

TEMPERATURE,  TAKING  INTO  ACCOUNT  BOTH  COPPER  AND  IRON  LOSSES 
C.  Fortescue  Vol.  zzzU~-l«U,  pp.  tlT-SM 

Development  of  a  method  of  calculating  the  temperature  rise  corres- 
ponding to  standard  room  temperature  when  rise  of  any  known  room  tem- 
perature has  been  observed. 

Discussion  under  Group  I. 

THE  TEMPERATURE  RISE  OF  STATIONARY  INDUCTION  APPARATUS  AS  IN- 
FLUENCED BT  THE  EFFECTS  OF  TEMPERATURE,  BAROMETRIC  PRESSURE 
AND  HUMIDITY  OF  THE  COOLING  MEDIUM 
J.  J.  Fruik  and  W.  O.  Dwyer  Vol.  znii— 1911,  pp.  SS9-«M 

Brief  review  of  the  quantitative  relation  between  temperature  and  heat 
dissipation  by  radiation,  convection  and  conduction  and  effect  of  room  tem- 
perature, barometric  pressure  and  moisture  in  each  case.  Experimental 
investigation  of  the  effects  of  the  last  named  factors  in  temperature 
tests  of  transformers.  Recommendations  for  correction  factors  of  trans- 
former, classified  by  methods  of  cooling.    Results  of  tests  plotted  as  curves. 

Discussion  under  Group  I. 

EFFECT  OF  ROOM  TEMPERATURE  ON  TEMPERATURE  RISB  OF  MOTORS 
AND   GENERATORS 
Maxwell  W.  Day  and  R.  A.  Beekman  Vol.  nzU — 191S,  pp.  m-tV8 

Account  of  special  tests  on  various  types  of  motors  and  generators  in  a 
closed  room  provided  with  facilities  for  varying  and  controlling  the  tem- 
perature of  the  surrounding  air.  Development  of  method  of  determining 
room  temperature  correction  factor  from  observed  temperature  at  other 
than  standard  room  temperature.  Temperatures  in  various  parts  of 
machines  plotted  for  different  methods  of  ventilation  and  room  tempera- 
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tures.     Room  temperature  correction  factors  for  various  types  of  machines 
tabulated. 

Discussion  under  Group  I. 

EFFECT  OF  AIR  TBMPBRATUHS,   BAROMETRIC  PRESSURE  AND  HUMIDITT 

ON  THE  TEMPERATURE  RISE  OF  ELECTRIC  APPARATUS 
C.  E.  Skinaer,  L.  W.  Chubb  and  PhiUipc  Thomas  Vol.  zzzU— itlS.  Rp.  t7f-tM 

Account  of  test  upon  a  coil  in  a  closed  space  where  surrounding  condi- 
tions are  under  control.  Results  of  tests  and  conclusions  regarding  appli- 
cation of  correction  factors  to  room  temperature  for  reduction  of  results 
to  standard  conditions. 

Discussion  under  Group  I. 

A  LABORATORY  INVESTIGATION  OF  TEMPERATURE  RISE  AS  A  FUNCTION  OF 

ATMOSPHERIC  CONDITIONS 
C.  B.  Blanchard  and  C.  T.  Anderson  Vol.  xxzU— MIS,  pp.  t8«-lf0 

Description  of  apparatus  and  tests  giving  results  in  tabular  and  graphic 
form.  Effects  of  atmospheric  temperature,  pressure  and  moisture  con- 
sidered separately. 

Discussion  under  Group  I . 

DISCUSSION    GROUP    1    PAPERS 

pp.  IM-SfT 

Heating,  Heat  Moasorements,  Rating  by  Heat 

(a)  Moving  Machinery 

Notes  on  Internal  Heating  of  Stator  Coils,  by  R.  B.  Williamson. 

Measurement  of  Temperature  on  Rotating  Electric  Machines,  by  L.  W. 
Chubb,  E.  I.  Chute,  and  O.  W.  A.  Getting. 

Methods  of  Determining  Temperature  of  A-C.  Generators  and  Motors 
and  Room  Temperature,  by  H.  G.  Reist  and  T.  S.  Eden. 

Thermocouples  and  Resistance  Coils  for  the  Determination  of  Local 
Temperatures  in  Electrical  Machines,  by  J.  A.  Capp  and  L.  T.  Robin- 
son. 

(b)  Transformers 

Methods  of  Determining  Temperature  of  Transformers  and  of  Cooling 
Medium,  by  S.  E.  Johannesen  and  G.  W.  Wade. 

Methods  of  Measuring  Temperature  of  Transformers,  by  C.  Fortescue 
and  W.  M.  McConahey. 

Correction  o'  Transformer  Temperature  for  Variation  of  Room  Tempera- 
ture, taking  into  Account  both  Copper  and  Iron  Losses,  by  C. 
Fortescue. 

(c)  Temperature  Correction 

The  Temperature  Rise  of  Stationary  Induction  Apparatus,  by  J.J.  Frank 
and  W.  O  Dwyer. 

Effect  of  Room  Temperature  on  Temperature  Rise  of  Motors  and  Genera- 
tors, by  M.  W.  Day  and  R.  A.  Beekman. 

Effect  of  Air  Temperature,  Barometric  Pressure  and  Humidity  on  the 
Temperature  Rise  of  Electrical  Apparatus,  by  C.  E.  Skinner,  L.  W. 
Chubb,  and  Phillips  Thomas. 

A  Laboratory  Investigation  of  Temperature  Ri.se  as  a  Function  of  Atmos- 
pheric Conditions,  by  C.  B.  Blanchard  and  C.  T.  Anderson. 

Laws  of  Heat  Transmi.ssion  in  Electrical  Machinery,  by  Irving  Langmuir. 
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(d)   Cable  Hea  ing 
Current  Rating  of  Electric  Cables,  by  R.  W.  Atkinson  and  H.  W.  Fisher. 
The  Heating  of  Cables  Carrying  Current,  by  S.  Dushman. 

Discussion,  pages  359-409,  by  Messrs.  Comfort  A.  Adams,  S.  Dushman, 
William  P.  Dawson,  Leo  Schuler,  C.  O.  Mailloux,  M.  W.  Day,  H.  M.  Ho- 
bart,  .Charles  P.  Steinmetz,  W.  A.  Durgin,  B.  G.  Lamme,  M.  E.  Leeds, 
L.  W.  Chubb,  L.  T.  Robinson,  R.  F.  Schuchardt,  Elmer  I.  Chute,  A.  E. 
Kennelly,  James  Burke,  Robert  Lundell,  F.  D.  Newbury,  B.  A.  Behrend, 
Alexander  Gray,  R.  B.  Williamson,  Selby  Haar,  E.  W.  Stevenson,  C. 
Fortescue,  John  J.  Frank,  J.  M.  Weed,  Carl  J.  Fechheimer,  Paul  Mac- 
Gahan,  H.  L.  Wallau,  A.  Herz,  D.  W.  Roper,  Edmund  C.  Stone,  C.  P. 
Randolph,  and  E.  D.  Edmonston. 

General  remarks  on  relative  merits  of  different  methods  of  temperature 
measurement  in  connection  with  the  rating  of  electrical  machinery.  Ther- 
mal data  from  experience  with  electrical  machinery,  apparatus  and  ma- 
terials. Results  of  extensive  tests  on  current-carrying  capacity  and  differ- 
ent types  of  cables.     Temperature  rise  calctdations. 

THB   MTRIAWATT 
H.  G.  Stott  and  Haylett  0*NeiQ  Vol.  zzzU^ltlS,  9:1.  411-414 

Introduction  of  term  "  myriawatt  "  followed  by  conversion  factors  of 
different  units  of  energy  and  power  and  examples  of  the  usefulness  of  the 
myriawatt  in  practical  engineering  calculations. 

Discussion,  pages  415-421,  by  Messrs.  H.  G.  Stott,  C.  P.  Steinmetz. 
Comfort  A.  Adams,  Leo  Schuler,  H.  M.  Hobart,  B.  G.  Lamme,  James 
Burke,  A.  E.  Kennelly,  and  L.  W.  Chubb. 

Reasons  for  and  against  the  adoption  of  myriawatt  for  boiler  rating. 

INDUCTIOH   MOTOR  LOAD  LOSSES 
'  Henry  G.  Reist  and  A.  B.  Averrett  VoL  zzzU— ItlS.  pp.  4SS-4tS 

Discussion  of  the  effect  of  load  upon  copper  and  core  losses  with  differ- 
ent types  of  slot  and  winding  construction,  followed  by  tests  and  general 
conclusions  as  to  effect  of  load  losses. 

Discussion  under  Group  IL 

STRAT  LOSSES  IN  INDUCTION  MOTORS 
A.  M.  Dudley  Vol.  zzzu— 191S  pp.  4tf-^4 

Discussion  of  load  losses  of  induction  motors  of  various  sizes.  Recom- 
mendations for  standardization  rules  covering  suggested  method  of  deter- 
mining load  losses  from  no  load  tests. 

Discussion  under  Group  II. 

NOTES  ON  INDUCTION  MOTOR  LOSSES 
R.  W.  Davis  Vol.  zzzii>-ltlS.  pp.  4Sf-4St 

Tabulated  test  results  of  stray  losses  in  different  sizes  of  induction 
motors. 

Discussion  under  Group  II. 

LOSSES  IN   TRANSFORMERS 
W.  W.  Lewis  Vol  nzii— ItlS,  pp.  U$^UM 

Experimental  study  of  the  no-load  and  load  losses  in  different  types  of 
power  transformers  and  high-tension  instrument  transformers  showing  the 
effect  of  changes  in  frequency,  temperature,  voltage  and  current.     Re- 
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suits  presented  in  tabular  and  graphic  form.     Recommendations  for  new 
rules  defining  transformer  losses. 
Discussion  under  Group  II. 

STRAY  LOSSES  IN  TRANSFORMERS 
C.  Fortescue  and  W.  M.  MeConAhey  Vol.  zzzU— 1918,  pp.  4M-4TT 

Mathematical  analysis  of  transformer  resistance  and  inductance  under 
load,  no-load  and  short-circuit  conditions.  Suggested  method  of  measur- 
ing short-circtdt  and  impedance  losses.  Development  of  practical 
formulas  for  figuring  regtdation  and  stray  losses.  Recommendations 
for  methods  of  obtaining  losses  and  impedance  voltage. 

Discussion  under  Group  11. 

DETERMINATION   OF  LOAD  LOSS   CORRECTION   FACTORS  FOR  ROTATING 

ELECTRIC    MACHINES 
B.  M.  OUn  and  S.  L.  H«id«noii  VoL  zzzii— ItU,  pp.  479-108 

Description  and  results  of  tests  on  d.c.  and  a.c.  generators  and  synchron- 
ous converters  to  determine  load  losses  and  fix  a  correction  factor  that  can 
be  used  with  no-load  measurements  to  get  the  true  losses  under  load.  Re- 
sults in  tabular  and  graphic  form.  Correction  factors  for  well  designed 
d.c.  generators  and  motors,  synchronous  generators  and  motors,  25  and 
60-cycle  synchronous  converters. 

Discussion  under  Group  II. 

LOAD  LOSSES  OF  ALTERNATING-CURRENT  GENERATORS 
W.  J.  Fostw  and  Edgw  Knowlton  Vol.  zzzii— 1918.  pp.  808-ftlT 

Analytical  discussion  on  load  losses  in  a.c.  generators  and  methods  of 
determining  them.  Experimental  investigation  and  comparison  of  vari- 
ous methods  of  measurement,  including  separation  of  losses,  phase 
characteristic  and  circtdating  energy  methods.  Results  in  tabular  and 
graphic  form. 

Discussion  under  Group  II. 

NOTES  ON  STRAY  LOSSES  IN  SYNCHRONOUS  MACHINES 
F.  K.  Braiiurd  Vol.  zxzii--191S,  pp.  •19-681 

Nature  and  determination  of  load  losses  in  synchronous  machines. 

Discussion  under  Group  II. 

STRAY  LOSS  IN  DIRECT-CURRENT  COMMUTATING  MACHINES 
H.  F.  T.  Erben  and  H.  S.  Pace  Vol.  zxzU— 1918,  pp.  888-889 

Description  of  method  of  testing  machinery  for  load  losses.     Results 
of  tests  of  number  of  a.c.  machines  given  in  form  of  loss-load  curves. 
Discussion  under  Group  II. 

THE  DETERMINATION  OF  STRAY  LOSSES  FROM  INPUT-OUTPUT  TESTS 

L.  T.  RobinMn  Vol.  xxzU— 1918,  pp.  881-880 

Analysis  of  factors  that  determine  the  precision  of  input-output  effi- 
ciency tests.  Tabulated  results  of  a  large  number  of  tests  to  determine  the 
degree  of  precision  possible  with  commercial  instruments  and  trained 
observers. 

Discussion  under  Group  II. 
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SOURCES  OF  ERROR  IN  THE  BFFICIBNCT  DETBRMINATIOII  OF  ROTATING 

ELECTRIC  MACHINES 
Elmer  I.  Chute  and  WiUiam  Bradth«w  Vol.  zzxii— 191S.  pp.  Ui-MT 

Analytical  discussion  of  errors  due  to  instruments,  observation  and  oper- 
ating conditions  Comparison  of  input-output  and  separation  of  losses, 
methods  of  determining  efficiency. 

Discussion  under  Group  II. 

BRUSH  FRICTION  AND  CONTACT  LOSSES 
H.  F.  T.  Erben  and  A.  H.  Freeman  Vol.  zzxii— ItU,  pp.  SM-fM 

Experimental"  "study   of   brush  friction  and   contact   resistance  losses 
developing  a  practical  method  of  calculation. 
Discussion  under  Group  II. 

METHODS  OF  DETERMINING  BRUSH  LOSSES  DUE  TO  CONTACT  AND  FRICTION 
H.  R.  Edgecomb  and  W.  A.  Dick  Vol.  zzxii— MIS.  pp.  fM-iTB 

Analytical  discussion  of  factors  that  enter  into  brush  friction  and  con- 
tact resistance  losses  showing  their  relative  importance.  Supplemented 
by  tests  with  special  apparatus  designed  to  furnish  control  of  variable 
conditions. 

Discussion  under  Group  II. 

COMMUTATION  AND  BRUSH  LOSS 
C.  E.  Wilson  Vol.  zzzii— 191S,  pp.  BTT.484 

Experimental  investigation  and  analysis  of  losses  due  to  drop  in  brushes.' 
Discussion  under  Group  II. 

DISCUSSION  GROUP  U  PAPERS 

pp.  4SS-«M 

Methods  of  Determiniuff  Losses  in  Apparatus 

(a)  Induction  Motors 
Induction  Motor  Load  Losses,  by  H.  G.  Reist  and  A.  E.  Averrett. 
Stray  Losses  in  Induction  Motors,  by  A.  M.  Dudley. 
Notes  on  Induction  Motor  Losses,  by  R.  W.  Davis. 

ih)   Transformers 
Losses  in  Transformers,  by  W.  W.  Lewis. 
Stray  Losses  in  Transformers,  by  C.  Fortescue  and  W.  M.  McConahey. 

(c)  Generators,  A-C  and  D-C. 

Determination  of  load  Loss  Correction  Factors  for  Rotating  Electric 

Machines,  by  E.  M.  Olin  and  S.  L.  Henderson. 
Load  Losses  of  Alternating-Current  Generators,  by  W.  J.  Foster  and   E. 

Knowlton. 
Notes  on  Stray  Losses  in  Synchronous  Machines,  by  F.  K.  Brainard. 
Stray  Loss  in  Direct-Current  Commutating  Machines,  by  H.  F.  T.  Erben 

and  H.  S.  Page 

(d)  Errors  of  Tests 

The  Determination  of  Stray  Losses  from  Input-Output  Tests,  by  L.  T. 

Robinson. 
Sources  of  Error  in  the  Efficiency  Determination  of  Rotating  Electric 

Machines,  by  Elmer  I.  Chute  and  William  Bradshaw. 

(e)  Brush  Losses 

Brush  Friction  and  Contact  Losses,  by  H.  F.  T.  Erben  and  A.  H.  Free- 
man. 
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Methods  of  Determining  Brush  Losses  Due  to  Contact  and  Friction, 

by  H.  R.  Edgecomb  and  W.  A.  Dick. 
Commutation  and  Brush  Losses,  by  C.  £.  Wilson. 

Discussion,  pages  587-648,  by  Messrs.  A.  E.  Averrett,  B.  A.  Behrend, 
C.  P.  Steinmetz,  James  Burke,  H.  M.  Hobart,  Leo  Schuler,  B.  G.  Lamme, 
R.  E.  Hellmund,  C.  J  Fechheimer,  Comfort  A.  Adams,  R.  B.  Williamson, 
L.  T.  Robinson,  M.  G.  Lloyd,  J.  M.  Weed,  C.  Fortescue,  E.  A.  Wagner, 
Charles  F.  Scott,  J.  E.  Saunders,  Paul  M.  Lincoln,  W.  C.  Smith,  G.  K. 
Kaiser,  W.  B.  Brady,  A.  H.  Freeman,  Alexander  Gray,  R.  B.  Treat, 
W.  F.  Dawson,  F.  D.  Newbury,  L.  E.  Underwood,  T.  M.  McNiece,  L. 
R.  Berkeley  and  E.  H.  Martindale,  John  L.  Harper,  W.  J.  Foster,  H.  F. 
T.  Erben.  E.  M.  Olin  and  E.  L  Chute. 

Suggestions  for  terminology  of  load  and  stray  losses.  Definitions  of 
core  losses  in  induction  motors  and  transformers.  Determination  of 
transformer  losses.  Effects  of  various  factors  upon  brush  friction.  Care 
of  commutators  and  brushes.  Effect  of  brush  angle  inclination  upon 
friction.  Variation  of  friction  with  current  density.  Discussion  of  meth- 
ods of  measuring  and  estimating  efficiency  of  generators  and  motors. 

COMPARISON  OF  METHODS  OF  LOADING  LARGE  A-C.  AND  D-C.   GENERATORS 

AND  SYNCHRONOUS  CONVERTERS  FOR  FACTORY  TEMPERATURE  TESTS 
F.  D.  Newbury  Vol.  zzzU— If  IS,  pp.  Mt-MS 

Classification  and  discussion  of  various  methods  of  artificially  loading 
rotating  electrical  machinery  for  operating  temperature  tests.  Tests 
comparing  various  methods  with  actual  energy  load.     Results  tabulated. 

Discussion  under  Group  IIL 

COMPARISON  OF  METHODS  OF  MAKING  LOAD  TESTS  ON  A-C.  GENERATORS 

AND  ON  INDUCTION  MOTORS 
E.  F.  Collins  and  W.  E.  Holcombe  Vol.  zzzli— If  IS,  pp.  M7-6S1 

Brief  description  of  most  practical  methods  of  obtaining  mormal  load 
temperature  in  a.c.  generators  and  induction  motors  under  no-load  and 
partial  load  conditions.  Comparisons  of  results  with  actual  full  load 
tests.     Results  in  tabular  form. 

Discussion  under  Group  III. 

NOTES  ON  METHODS  OP  MAKING  LOAD  TESTS  ON  LARGE  INDUCTION  MOTOR 
A.  M.  Dudley  Vol.  xzzU— If U.  pp.  6SS-tfO 

Brief  description  and  discussion  of  loading  back  and  artificial  loading 
tests  for  induction  motors.  Comparison  of  series  of  tests  by  circulating 
current  method  with  actual  load  test.     Results  tabulated 

Discussion  under  Group  III. 

LOAD  TEST  ON  TRANSFORMERS 
J.  J.  K.  Madden  Vol.  zzzU— If  IS,  pp.  ffl-TOl 

Brief  description  of  various  loading  back  tests  on  two  or  more  trans- 
formers of  different  types.  Description  of  method  of  testing  single  trans- 
former for  running  temperature  with  artificial  loading  Results  of  tests 
tabulated  and  method  of  test  recommended  to  Standards  Committee. 

Discussion  under  Group  III. 


Digitized  by 


Google 


IG  SYNOPTICAL  INDEX 

SOURCES  OF  ERROR  IN  TRANSFORMER  TESTS 
W.  M.  McCoiuhey  and  C.  Fortescue  Vol.  nxtt— UU,  vp.  TM-Ttt 

Brief  outline  of  various  commercial  tests  of  power  transformers,  point- 
ing out  possible  errors  and  how  to  avoid  theni. 
Discussion  under  Oroup  III. 

DISCUSSION  GROUP  III  PAPERS 

pp.  Mt-Ttt 

Method  of  Totting  Apparatuf  for  Porformance 
(a)  Generators  and  Induction  Motors 
Comparison  of  Methods  of  Loading  Large  A-C.  and  D-C.  Generators  and 
Synchronous  Converters  for  Factory  Temperature  Test,  by  F.  D. 
Newbury. 
Comparison  of  Methods  of  Making  Load  Tests  on  A-C.  Generators  and 

on  Induction  Motors,  by  E.  F.  Collins  and  W.  £.  Holcombe. 
Notes  on  Method  of  Making  Load  Test  on  Large  Induction  Motors, 
by  A.  M.  Dudley. 
{b)   Transformers 
Load  Tests  on  Transformers,  by  J.  J.  K.  Madden. 

Sources  of  Error  in  Transformer  Tests,  by  W.  M.  McConahey  and  C. 
Fortescue. 
Discussion^  pages  711-729,  by  Messrs.  A.  E.  Averrett,  R.  B.  Williamson^ 
R.  £.  Hellmund,  B.  G.  Lamme,  Leo  Schuler,  E.  I.  Chute,  Paul  M.  Lincoln, 
F.  D.  Newbury,  A.  J.  Porskievies,  Alexander  Gray,  B.  A.  Behrend,  H.  M. 
Hobart,  Stuart  L.  Henderson,  J.  J.  K.  Madden,  Charles  P.  Steinmets, 
W.  J.  Foster,  Edgar  Knowlton,  C.  J.  Fechheimer,  J.  M.  Weed  and  M.  G. 
Lloyd. 

General  remarks  and  opinions  on  methods  of  loading  generators,  motors 
and  transformers  artificially,  based  large'y  on  experience.  Suggested 
definition  for  transformer  ratio. 

THE  SPHERE  SPARK  GAP 
S.  W.  Farnsworth  and  C.  L.  Fortoocuo  Vol.  zzzU— ItU,  pp.  TtS-TST 

Criticisms  of  needle  gap  and  recommendation  of  sphere  gap  to  Standards 
Committee. 

Discussion  under  Group  IV. 

THE  CAUBRATION  OF  THE  SPHERE  GAP  VOLTMETER 
L.  W.  Chobb  and  C.  FortoKuo  Vol.  mU— If  U,  pp.  TSt-T4S 

Description  of  results  and  method  of  calibration  tests  upon  sphere  gaps. 
Results  plotted  and  tabulated  for  three  different  sizes  of  spheres. 
Discussion  under  Group  IV. 

WAVE  DISTORTIONS  AND  THEIR  EFFECTS  ON  ELECTRICAL  APPARATUS 
P.  M.  Uacola  Vol.  nsU— Ifflt.  pp.  TW-TT4 

General  remarks  on  wave  distortion  and  criticism  of  Institute  10  per 
cent  Rule.     Discussion  illustrated  by  analysis  of  few  actual  cases. 
Discussion  under  Group  IV. 

A  PROPOSED  WAVE  SHAPE  STANDARD 
CMdu  M.  DaWi  Vol.  xzzii— UU,  pp.  TTf-Ttt 

Criticism  of  Institute  10  per  cent  Rule  and  definite  suggestions  for  new 
rules.  Also  description  of  apparatus  and  method  of  measuring  the  pro- 
posed distortion  ratio.     Appendix  giving  derivation  of  distortion  ratio. 

Discussion  under  GroupJV. 
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THB  BXPBRIMBNTAL  DETERMINATION  OF  THE  REGULATION  OP  ALTER- 

NATORS 
A  B.  Field  Vol.  zxiU—ltlS,  pp.  78S.7ST 

Criticisms  of  present  Standardization  Rules  for  specification  and  deter- 
mination of  regulation,  followed  by  definite  recommendations. 
Discussion  under  Group  IV. 

REGULATION  OF  DEFINITE  POLE  ALTERNATORS 
Soren  SL  Mortontan  Vol.  xndi— 19U,  pp.  Ttt-Tf4 

Description  of  method  of  determining  regulation  by  Potier's  triangle. 
Comparison  of  this  method  with  Institute  Rules  method  and  with  actual 
tests  on  a  large  number  of  three-phase,  two-phase  and  single-phase  ma- 
chines.    Results  tabulated  and  saturation  curves  plotted  for  each  method. 

Discussion  under  Group  IV. 

DISCUSSION  GROUP  IV  PAPERS 

pp.  TSl-104 
MiMelUmeoni  Subjects  Relatinc  to  RatiiiK 
(o)  Oil  Swi  ches 
Rating  of  Oil  Circuit  Breakers  with  Reference  to  Rupturing   Capacity, 
by  G.  A.  Burnham. 

(b)  Spark  Gap 

The  Sphere  Spark  Gap,  by  S.  W.  Farnsworth  and  C.  Fortescue. 
The  Calibration  of  the  Sphere-Gap  Voltmeter,  by  L.  W.  Chubb  and  C. 
Fortescue. 

(c)  Wave  Form 

Potential  Waves  of  A-C.  Generators,  by  W.  J.  Foster. 

Wave  Form  Distortions  and  Their  EflFect  on  Electrical  Apparatus,  by  P. 

M.  Lincoln. 
A  Proposed  Wave  Shape  Standard,  by  Cassius  M.  Davis. 

(J)  Regulation 
The  Experimental  Determination  of  the  Regulation  of  Alternators,  by  A. 

B.  Field. 
Regulation  of  Definite  Pole  Alternators,  by  Soren  H.  Mortensen. 
Generator  and  Prime  Mover  Capacities,  by  David  B.  Rushmore  and  E. 

A.  Lof 
Discussion,  pages  807-854,  by  Messrs.  Paul  M.  Lincoln,  M.  G.  Lloyd, 
F.  D.  Newbury,  Ford  W.  Harris,  Chester  Lichtenberg,  F.  W.  Peek,  Jr., 
C.  E.  Skinner,  J.  A.  Sanford,  Jr.,  Comfort  A.  Adams,  L.  W.  Chubb,  Percy 
H.  Thomas,  C.  Fortescue,  M.  W.  Franklin,  Charies  P.  Steinmetz,  J.  B. 
Whitehead,  F.  M.  Farmer  and  E.  D.  Doyle,  B.  G.  Lamme,  A.  E.  Kennelly 
Charies  F.  Scott,  L.  T.  Robinson.  Taylor  Reed,  Cassius  M.  Davis,  S.  S. 
Seyfert,  Alexander  Gray,  Frank  T.  Leilich,  W.  L.  Waters.  George  Smith, 
C.  J.  Fechheimer  and  Leo  Schuler. 

General  remarks,  criticisms  and  suggestions.  Test  data,  calibration 
curves  and  laws  of  sphere-gap  voltmeter.  Wave-fbrm  measurement,  test 
data.     Calculation  of  alternator  regulation  and  description  of  method. 

AIR  AS  AN  INSULATOR  WHEN  IN  THE  PRESENCE  OF  INSULATING  BODIES  OP 

HIGHER  SPECIFIC  INDUCTIVE  CAPACITY 
C.  L.  Forteicue  and  S.  W.  Farnswortli  Vol.  zxzii— If  IS,  pp.  8f  S-fO€ 

Development  and  method  of  designing  solid  insulation  between  two 
bodies  so  that  the  natural  air  field  will  not  be  altered;  that  is,  so  that  the 
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max  mum  dielectric  strength  of  the  air  along  the  surface  of  the  insulator 
can  be  utilized.  Description  of  apparatus  for  measuring  and  plotting 
equal  potential  curves  in  the  electric  field. 

Discussion  incorporated  with  that  of  paper  by  C.  Portescue  on  "  The 
Application  of  a  Theorem  of  Electrostatics  to  Insulation  Problems." 

TBST  OF  AN  ARTIFICIAL  ABRIAL  TBLBPHOlfB  UNB  AT  A  FREQUBNCT    OF   tSO 

CTCLBS   PER   SECOND 
A.  B.  Kenaellar  aad  F.  W.  Uebwknecht  Vol.  zzzii— If  U,  pp.  llSt-ltOt 

Detailed  description  and  a  series  of  tests  on  a  very  long  artificial  tele- 
phone line.  E.m.f.  and  current  being  measured  both  as  to  phase  and 
amplitude.  Results  tabulated  and  plotted  as  vector  diagrams.  Biblio- 
graphy  of  articles  of  measurement  on  artificial  telephone  lines  and  allied 
topics. 

Discussion  incorporated  with  that  of  paper  of  Messrs.  H.  M.  Priendly 
and  A.  E.  Bums  on  "  Automatic  Methods  in  Long  Distance  Telephone 
Operation." 

AUTOMATIC  MBTHODS  IN  LONG  DISTANCE  TBLBPHONB  OPBRATION 
H.  M.  Friendly  and  A.  B.  Barns  VoL  xndi— If  IS,  pp.  ISOS-llSl 

Description  of  equipment  and  operation  of  long  distance  automatic 
system  of  the  Northwestern  Long  Distance  Telephone  Company. 

Discussion  (including  that  of  paper  by  Messrs.  A.  E.  Kennelly  and  F. 
W.  Lieberknecht),  pages  1333-1344,  by  Messrs.  P.  K.  Vreeland.  E.  H. 
Colpitts,  D.  C.  Jackson,  George  A.  Campbell,  R.  S.  Brown,  J.  B.  Taylor, 
H.  M.  Priendly  and  Oberlin  Smith. 

Telephone  line  calculations.  Definitions  of  iterative  impedance  and 
propagation  constants.     Use  of  integraph  in  solving  equations. 

ELECTROLYTIC  CORROSION  OF  IRON  IN  SOILS 
Burton  McCoUum  and  K.  H.  Losan  Vol.  zxzii— IflS,  pp.  U4S-140S 

Experimental  investigation  of  electrolysis  of  iron  in  soil  from  various 
cities  taking  up  each  variable  factor  separately  and  determining  its  in- 
fluence upon  corrosion.  Effect  of  current  density,  moisture,  temperature, 
depth  of  burial,  oxygen,  kind  of  iron,  chemicals  in  soil,  etc.  upon  corrosion 
efficiency.  Experimental  study  of  earth  resistance  and  the  factors  that 
affect  it.     Detailed  description  of  tests  and  tabulation  of  results. 

Discussion,  pages  1404-1412,  by  Messrs.  J.  L.  R.  Hayden,  Alexander 
Maxwell,  D.  C.  Jackson,  Hugh  T.  Wreaks,  Harold  V.  Bozell,  Harry 
Barker.  P.  C.  Caldwell,  J.  C.  Lincoln.  Henry  G.  Stott,  Albert  P.  Ganz 
and  Burton  McCollum. 

General  remarks  on  electrolysis  from  street  railway  currents  and  its 
prevention. 

OPERATION  OF  FREQUENCY  CHANGERS 
N.  B.  Funk  Vol.  zxxii— If  IS.  pp.  ITIS-ITSO 

General  review  of  theory  of  parallel  operation  of  synchronous  fre- 
quency changers.  Detailed  description  of  method  of  synchronizing  with 
rotating  synchroscope  and  a  special  synchronizing  indicator.  Examples 
of  use  of  indicator. 

Discussion  (including  that  of  papers  by  H.  R.  Summerhayes  and  B.  G. 
Jamieson)  pages  1731-1736,  by  Messrs.  D.  B.  Rushmore,  P.  D.  Newbury, 
P.  C.  Caldwell.  Paul  M.Lincoln,  H.  M.  Hobart.  Henry  W.  Peck,  S.  D. 


Digitized  by 


Google 


SYNOPTICAL  INDEX  19 

Sprong,  H.  R.  Summerhayes,  J.  C.  Lincoln,  D.  W.  Roper  and  N.  £.  Funk. 
General  remarks  on  the  advisability  of  running  machinery  unattended. 
Oil  pressure  for  facilitating  the  starting  of  large  machines. 

LAW  OF  CORONA  AND  DIBLBCTRIC  STRBNOTH  OP  AIR-— m 
P.  W.  PMk»  Jr.  Vol  nadi— 19U,  vp.  lUT-lTW 

Experimental  investigation  and  development  of  the  laws  of  corona 
formation  and  rupture  gradient  of  air  or  gas  including  effects  of  tempera- 
ture, density,  pressure  above  and  below  atmospheric,  spacing,  etc.  Tests 
on  rods  and  spheres.  Results  tabtdated  and  plotted  as  curves.  Equa- 
tions given  for  calculation  of  gradient  between  rods  and  between  spheres. 
Rupture  explained  both  by  critical  energy  and  by  ionization. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  ''  An 
Oscillograph  Study  of  Corona.*' 

AN  OSCILLOGRAPH  STUDY  OF  CORONA 
Bdwwd  BensMtt  VoL  mii— if  ia»  vp.  1TST-1M9 

Experimental  investigation  of  corona  by  means  of  oscillograms  of  the 
charging  current  to  a  conductor  producing  corona.  Description  of  meth- 
od and  apparatus  for  making  the  oscillograms.  Oscillograms  of  charg- 
ing current  over  a  range  of  e.m.f.  above  and  below  corona  e.m.f.  with  a 
detailed  study  and  searching  analysis  of  each  curve. 

Discussion,  (including  that  of  papers  by  Messrs.  J.  B.  Whitehead  and 
T.  T.  Pitch,  W.  W.  Strong  and  F. W.  Peek,  Jr..)  pages  1810-1828,  by  Messrs. 
C.  P.  Scott.  L.  T.  Robinson,  J.  B.  Whitehead,  Alan  E.  Plowers,  P.  W.  Peek. 
Jr.,  J.  B.  Taylor,  W.  H.  Pratt,  P.  M.  Lincoln,  Edward  Bennett.  William 
J.  Hammer  and  Harris  J.  Ryan. 

General  remarks  on  corona — investigations  and  experiences.  Use  of 
corona  for  e.m.f.  measurement.  Measurement  of  e.m.f.  independent 
of  frequency.     D-c.  corona.     Effect  of  frequency  upon  corona  losses. 

THB  DIBLBCTRIC  STRBNGTH  OF  THIN  INSULATING  MATBRIALS 
F.  M.  Fvmer  Vol.  zzzu— If  IS,  pp.  S09T-1110 

Description  of  method  and  results  of  tests  to  determine  the  effect  of 
electrode  area  upon  the  apparent  dielectric  strength  of  insulating  materials 
in  comparatively  thin  sheets.  Tests  covering  varnished  cloth,  hard  rub- 
ber, oil  and  air  under  various  conditions. 

Discussion,  pages  2111-2131,  by  Messrs.  P.  W.  Peek,  Jr.,  Phillips 
Thomas,  R.  P.  Jackson,  C.  E.  Skinner,  H.  W.  Pisher,  M.  E.  Tressler,  E. 

B.  Rosa,  Clayton  H.  Sharp,  John  B.  Taylor,  A.  E.  Kennelly,  H.  M. 
Hobart,  W.  I.  Middleton,  P.  M.  Parmer,  and  J.  W.  Milnor. 

Account  of  experience  in  the  testing  of  insulating  materials  with  results 
and  description  of  methods  and  apparatus.  Theory  of  insulation  strength 
of  gases,  liquids  and  solids.  Mathematical  demonstration  of  author's 
results  with  varying  size  of  electrode  by  means  of  law  probability. 

4.  INSULATION  AND  DIELECTRIC  PHENOMENA 

TBMPBRATURB  AND  BLBCTRICAL  INSULATION 

C.  P.  Steiamets  and  B.  G.  L«mm«  VoL  zni^— 19U,  pp.  TS-89 

Statement  of  the  problem  of  temperature  limitations  of  insulating  ma- 
terials used  in  electrical  machines.     Classification  of  insulating  materials 
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with  respect  to  working  temperature.  General  character  of  heat  flow  in 
electrical  machinery.  Temperature  measurement  and  recommendations 
for  standardization  of  temperature  limitations  and  methods  of  measure- 
ment. 

Discussion  incorporated  with  that  of  paper  by  Messrs.  W.  L.  Merrill, 
W.  H.  Powell  and  Charles  Robbins,  on  ''  Methods  of  Rating  Electrical 
Apparatus." 

METHODS  OP  RATING  BLBCTRICAL  APPARATUS 
W.  L.  MOTrin,  W.  H.  Powdl  tad  CbarlM  RobMns  YoL  ndl— 19U.  P9.  tl-lM 

Recommendations  for  the  standardization  of  electrical  apparatus  rat- 
ings according  to  a  plan  that  will  more  truly  represent  the  capability  of 
the  apparatus  than  the  present  rules.  Ratings  for  different  classes  of 
service.  Temperature  limitation  of  different  classes  of  insulation  and 
different  kinds  of  service.     Recommendations  for  name  plate  stamping. 

Discussion  (including  that  of  paper  by  Messrs.  C.  P.   Steinmetz  and 

B.  G.  Lamme),  pages  101-162,  by  Messrs.  P.  B.  Crocker,  James  Burke, 
Henry  G.  Stott,  W.  L.  Waters.  H.  U.  Hart,  B.  A.  Behrend.  James  M. 
Smith,  Schuyler  Skaats  Wheeler,  P.  Torchio,  M.  G.  Lloyd.  Charles  P. 
Steinmetz,  Henry  G.  Reist,  B.  G.  Lamme,  Alexander  Gray,  R.  P.  Schu- 
chardt.  C.  E.  Skinner.  C.  J.  Fechheimer.  W.  L.  Merrill,  W.  H.  Powell, 
Charles  P.  Scott,  Comfort  A.  Adams,  C.  L.  de  Muralt,  H.  M.  Hobart,  A. 
£.  Kennelly,  A.  M.  Rossman,  C.  £.  Allen,  E.  A.  Wagner,  G.  L  Stadeker, 
J.  W.  Welsh,  Edmund  C.  Stone  and  William  P.  Dawson. 

Comments  and  criticisms  of  the  recommendations  for  standard  methods 
of  rating  and  limiting  temperatures  of  electrical  apparatus.  Experience 
in  the  operation  of  electrical  machinery  with  regard  to  safe  operating 
temperature.  American  standardization  rules  compared  with  European 
standards.  International  Electro-technical  Commission  rules  compared 
with  Inst  tute  rules.  Defense  and  explanation  of  the  proposed  new  stand- 
ardization rules. 

THB  SPHBRB  SPARK  OAF 
S.  W.  Farnsworth  and  C.  L.  Forteiciie  Vol.  xzzii— ItU,  pp.  TiS-TtT 

Criticisms  of  needle  gap  and  recommendation  of  sphere  gap  to  Stand- 
ards Committee. 

Discussion  under  Group  IV. 

THE  CALIBRATION  OF  THB  SPHBRB  GAP  VOLTMBTBR 
L.  W.  Chubb  tad  C.  Fort«icae  Vol.  soU— If  U,  pp.  TSt-T4S 

Description  of  results  and  method  of  calibration  tests  upon  sphere  gaps. 
Results  plotted  and  tabulated  for  three  different  sizes  of  spheres. 
Discussion  under  Group  IV 

AIR  AS  AN  INSULATOR  WHBN  IN  THB  PRBSBNCB  OF  INSULATING  BODIBS  OF 
HIGHBR  SPECIFIC  INDUCTIVB  CAPACITT 

C.  L.  Fort«icoe  and  S.  W.  Fanuworth  YoL  mU— UU,  pp.  8M-tM 

Development  and  method  of  designing  solid  insulation  between  two 
bodies  so  that  the  natural  air  field  will  not  be  altered;  that  is,  so  that  the 
maximum  dielectric  strength  of  the  air  along  the  surface  of  the  insulator 
can  be  utilized.  Description  of  apparatus  for  measuring  and  plotting 
equal  potential  curves  in  the  electric  field 

Discussion  incorporated  with  that  of  paper  by  C.  Portescue  on  "  The 
Application  of  a  Theorem  of  Electrostatics  to  Insulation  Problems",     j 
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THB  APPLICATION  OF  A  THEOREM  OF  ELBCTRO-STATICS  TO    INSULATION 

PROBLEMS 
C.  ForteMve  Vol.  znii>-lf  U.  pp.  MT-MI 

Mathematical  analysis  of  electric  field  about  a  sphere  and  various  other 
geometric  shapes.  Application  of  flux  distribution  theory  to  design  of 
core  and  shell-type  transformer  insulation.  Diagrammatic  illustrations  of 
transformer  insulation  construction.  Pin  and  suspension  type  line 
insulators  designed  upon  same  principles.     1,000,000- volt  transformer. 

Discussion  (including  that  of  paper  by  Messrs.  C.  L.  Portescue  and  S. 
W.  Famsworth),  pages  026-951,  by  Messrs.  Percy  H.  Thomas,  Ralph  D. 
Mershon,  C.  O.  MaiUoux.  F.  W.  Peek,  Jr.,  A.  E.  Kennelly,  Philip  Torchio, 
J.  Murray  Weed,  Harris  J.  Ryan  and  C.  Fortescue. 

General  remarks  on  instdation  design  and  the  dielectric  current.  Sharp 
criticism  and  hearty  praise  of  author's  papers.  Effect  of  lightning  stroke 
and  high  frequency  upon  insulator  design.  Limitations  of  condenser 
type  terminals.  Effect  of  frequency,  external  bodies,  surface  conduction 
upon  insulation  design. 

SUOOBSTBD    SPECIFICATIONS   FOR   TESTING   HIGH-VOLTAGE    SUSPENSION 

INSULATORS 
F.  W.  Pe«k,  Jr.  VoL  zzzii— 19U,  pp.  14IT-14M 

Discussion  incorporated  with  that  of  paper  by  Percy  H.  Thomas  on 
"  Insulator  Testing  Specification  for  Insulators  Having  an  Operating 
Voltage  Exceeding  25,000  Volts." 

SUGGESTED    SPECIFICATIONS   FOR   TESTING    HIGH-VOLTAGE   INSULATORS 
J.  A.  Suidford,  Jr.  VoL  mU— UU.  pp.  14lt-14T0 

Discussion  incorporated  with  that  of  paper  by  Percy  H.  Thomas  on  "In- 
sulator Testing  Specification  for  Insulators  Having  an  Operating  Voltage 
Exceeding  25,000  Volts." 

INSULATOR  TESTING  SPECIFICATION  FOR  INSULATORS  HAVING  AN  OPERAT- 
ING VOLTAGE  EXCEEDING  M,QOO  VOLTS 
Percj  H.  Thoaus  VoL  zzzU— if  U,  pp.  14Tl-UTf 

Discussion  (including  that  of  papers  by  Messrs.  P.  W.  Peek,  Jr.,  and  J. 
A.  Sanford.  Jr.)  pages  1480-1508,  by  Messrs.  F.  W.  Peek,  Jr..  J.  A.  San- 
ford,  Jr.,  P.  H.  Thomas,  L.  C.  Nicholson.  H.  W.  Crozier,  H.  Koganei.  M. 
T.  Crawford,  C.  O.  Mailloux,  Paul  M.  Lincoln,  Hugh  T.  Wreaks,  E.  E.  F. 
Creighton,  Ralph  D.  Mershon,  E.  M.  Hewlett,  P.  W.  Sothman  and  C.  F. 
Scott. 

Criticisms  and  suggestions  for  specifications  for  the  design  and  testing 
of  insulators.  Effect  of  simultaneous  mechanical  and  electrical  stresses, 
tests. 

THE  ELECTRIC  STRENGTH  OF  AIR—IV 
J.  B.  WUttlioad  and  T.  T.  Fitch  Vol.  nzii— if  U,  pp.  ITST-ITM 

Description  of  tests  and  apparatus  and  discussion  of  results  of  a  series 
of  investigations  on  the  effects  of  pressure,  temperature  and  density  upon 
the  formation  of  corona.  Results  tabulated  and  plotted  as  curves. 
Review  of  earlier  work  on  corona.  Application  of  ionization  theory  to 
corona  formation.     Bibliography  of  corona  and  dielectric  strength  of  air. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  "  An 
Oscillograph  Study  of  Corona.' 
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THB  POSITIVE  AND  THB  NEGATIVB  CORONA  AND  ELECTRICAL  PRBCIPITATION 
W.  W.  Strong  Vol.  zzadi— if  U,  pp.  1TS8-17W 

Investigation  of  corona  losses  with  uni-directional  current  in  apparatus 
designed  for  the  utilization  of  corona  for  precipitating  dust,  smoke,  etc. 
from  fumes.  Description  of  apparatus  and  tests.  Results  tabulated  and 
plotted  as  curves  for  both  directions  of  the  current. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  "  An 
Oscillograph  Study  of  Corona." 

LAW  OF  CORONA  AND  DIELECTRIC  STRENGTH  OF  AIR— m 
F.  W.  Peek,  Jr.  Vol.  zxni— MU,  pp.  ITtT-lTW 

Experimental  investigation  and  development  of  the  laws  of  corona 
formation  and  rupture  gradient  of  air  or  gas  including  effects  of  tempera- 
ture, density,  pressure,  above  and  below  atmosphere,  spacing,  etc.  Tests 
on  rods  and  spheres.  Results  tabulated  and  plotted  as  curves.  Equa- 
tions given  for  calculation  of  gradient  between  rods  and  between  spheres. 
Rupture  explained  both  by  critical  energy  and  by  ionization. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  "An 
Oscillograph  Study  of  Corona." 

AN  OSCaLOGRAPH  STUDY  OF  CORONA 
Edward  Bennett  VoL  mU—lf  U,  pp.  1Y«T-1M9 

Experimental  investigation  of  corona  by  means  of  oscillograms  of  the 
charging  current  to  a  conductor  producing  corona.  Description  of  method 
and  apparatus  for  making  the  oscillograms.  Oscillograms  of  charging 
current  over  a  range  of  e.m.f.  above  and  below  corona  e.m.f.  with  a  de- 
tailed study  and  searching  analysis  of  each  curve. 

Discussion,  (including  that  of  papers  by  Messrs.  J.  B.  Whitehead  and  T. 
T.  Fitch,  W.  W.  Strong,  and  F.  W.  Peek,  Jr.)  pages  1810-1828,  by  Messrs. 
C.  F.  Scott,  L.  T.  Robinson,  J.  B.  Whitehead,  Alan  E.  Flowers,  F.  W. 
Peek,  Jr.,  J.  B.  Taylor,  W.  H.  Pratt,  P.  M.  Lincohi,  Edward  Bennett, 
William  J.  Hammer,  and  Harris  J.  Ryan. 

General  remarks  on  corona — investigations  and  experiences.  Use  of 
corona  for  e.m.f.  measurement.  Measurement  of  e.m.f.  independent 
of  frequency.     D-c.  corona.     Effect  of  frequency  upon  corona  losses. 

THB  GULF  OF  GEORGIA  SUBMARINE  TELEPHONE  CABLE 

E.  P.  UBeUe  and  L.  P.  Crim  Vol.  zxzia— if  U,  pp.  18TT.18S9 

Specifications  for  submarine  cable  load  by  Krarup  system.  Account  of 
laying,  splicing,  locating  faults,  etc.  Krarup  continuous  system  compared 
with  the  Pupin  coil  system  of  loading. 

No  discussion. 

THE  DIELECTRIC  STRENGTH  OF  THIN  INSULATING  MATERIALS 

F.  M.  Farmer  Vol.  nzii—lf  U,  pp.  tMT-«UO 

Description  of  method  and  results  of  tests  to  determine  the  effect  of 
electrode  area  upon  the  apparent  dielectric  strength  of  insulating  materials 
in  comparatively  thin  sheets.  Tests  covering  varnished  cloth,  hard  rub- 
ber, oil  and  air  under  various  conditions. 

Discussion,  pages  2111-2131,  by  Messrs.  F.  W.  Peek,  Jr.,  Phillips 
Thomas,  R.  P.  Jackson,  C.  E.  Skinner,  H.  W.  Fisher,  M.  E.  Tressler,  E.  B. 
Rosa,  Clayton  H.  Sharp,  John  B.  Taylor,  A.  E.  Kennelly,  H.  M.  Hobart. 
W.  I.  Middleton,  F.  M.  Farmer  and  J.  W.  Milnor. 
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Account  of  experience  in  the  testing  of  insulating  materials  with  results 
and  description  of  methods  and  apparatus.  Theory  of  insulation  strength 
of  gases,  liqu  ds  and  solids.  Mathematical  demonstration  of  author's 
results  with  varying  size  of  ^slectrode  by  means  of  law  probability. 

6.  ELECTRIC  CONDUCTORS 

CURRSNT  RATING  OF  ELECTRIC  CABLES 
Ralph  W.  AtkiABon  and  H.  W.  Fisher  Vol.  zzjoi— 19U,  pp.  SSft-SSl 

Brief  analytical  discussion  of  heating  of  cables  showing  the  relative 
importance  of  various  factors  that  influence  either  the  heating  or  the  cool- 
ing. Formulas  and  tables  for  calculating  the  load  capacity  of  various 
types  and  sizes  of  cables.     Example  of  calculation. 

Discussion  under  Group  I. 

THE  HEATING  OF  CABLES  CARRYING  CURRENT 
Saul  Dushman  Vol.  xzzii~191S,  pp.  SSS-SS7 

Detailed  description  of  current-carrying  capacity  and  heating  test  upon 
certain  cables  together  with  results  in  tabular  and  graphic  form.  Dis- 
cussion of  the  results  developing  from  general  application.  Thermal 
properties  of  various  cable  insulating  materials. 

Discussion  under  Group  I. 

DISCUSSION  GROUP  I  PAPERS 
pp.US^f7 

Heating,  Heat  Meaanrements»  Rating  by  Heat 

(a)   Moving  Machinery 

Notes  on  Internal  Heating  of  Stator  Coils,  by  R.  B.  Williamson. 

-Measurement  of  Temperature  on  Rotating  Electric  Machines,  by  L.  W. 
Chubb,  E.  I.  Chute,  and  O.  W.  A.  Getting. 

Methods  of  Determining  Temperatures  of  A-C.  Generators  and  Motors 
and  Room  Temperature,  by  H.  G.  Reist  and  T.  S.  Eden. 

Thermocouples  and  Resistance  Coils  for  the  Determination  of  Local 
Temperatures  in  Electrical  Machines,  by  J.  A.  Capp  and  L.  T. 
Robinson. 

(6)   Transformers 

Methods  of  Determining  Temperature  of  Transformers  and  of  Cooling 
Medium,  by  S.  E.  Johannesen  and  G.  W.  Wade. 

Methods  of  Measuring  Temperature  of  Transformers,  by  C.  Fortescue 
and  W.  M.  McConahey. 

Correction  of  Transformer  Temperature  for  Variation  of  Room  Tempera- 
ture, taking  into  Account  both  Copper  and  Iron  Losses,  by  C.  Fortes- 
cue. 

(c)  Temperature  Correction 

The  Temperature  Rise  of  Stationary  Induction  Apparatus,  by  J.  J. 
Frank,  and  W.  O.  Dwyer. 

EflFect  of  Room  Temperature  on  Temperature  Rise  of  Motors  and  Genera- 
tors, by  M.  W.  Day  and  R.  A.  Beekman. 

Effect  of  Air  Temperature,  Barometric  Pressure,  and  Humidity  on  The 
Temperature  Rise  of  Electrical  Apparatus,  by  C.  E.  Skinner,  L.  W. 
Chubb  and  Phillips  Thomas. 
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A  Laboratory  Investigation  of  Temperature  Rise  as  a  Function  of  Atmos- 
pheric Conditions,  by  C.  Bv  Blanchard  and  C.  T.  Anderson. 
Laws  of  Heat  Transmission  in  Electrical  Machinery  by  Irving  Langmuir. 

(d)  Cable  Heating 
Current  Rating  of  Electric  Cables,  by  R.  W.  Atkinson  and  H.  W.  Fisher. 
The  Heating  of  Cables  Carrying  Current,  by  S.  Dushman. 

Discussion,  pages  359-409,  by  Messrs.  Comfort  A.  Adams,  S.  Uushman, 
F.  Dawson,  Leo  Schuler,  C.  O.  Mailloux.  M.  W.  Day,  H.  M.  Hobart, 
Charles  P.  Steinmetz,  W.  A.  Durgin,  B.  G.  Lamme,  M.  E.  Leeds,  L.  W. 
Chubb,  L.  T.  Robinson.  R.  F.  Schuchardt,  Elmer  L  Chute,  A.  E.  Kennelly, 
James  Burke,  Robert  Lundell,  P.  D.  Newbury,  B.  A.  Behrend,  Alexander 
Gray,  R.  B.  Williamson,  Selby  Haar,  E.  W.  Stevenson,  C.  Fortescue,  John 
J.  Frank,  J.  M.  Weed,  Carl  J.  Fechheimer,  Paul  MacGahan.  H.  L.  Wallau. 
A.  Herz,  D.  W.  Roper,  Edmund  C.  Stone,  C.  P.  Randolph  and  E.  D. 
Edmonston. 

General  remarks  on  relative  merits  of  different  methods  of  temperature 
measurement  in  connection  with  the  rating  of  electrical  machinery. 
Thermal  data  from  experience  with  electrical  machinery,  apparatus  and 
materials.  Results  of  extensive  tests  on  current-carrying  capacity  and 
different  types  of  cables.     Temperature  rise  calculations. 

8.  TRANSFORMERS 

METHODS  OF  DETBRMININO  TEMPBRATURB  OF  TRAlfSFORMBRS  AND  OF 

COOUNO   MEDIUM 
S.  E.  JohumeieB  and  O.  W.  Wade  Vol.  inU->19U,  99. 191-Sll 

Analytical  discussion  of  the  various  practical  methods  of  measuring 
temperature  with  special  reference  to  the  effect  of  changes  in  the  cooling 
conditions  of  room  temperature.  Tests  showing  the  effect  of  using  an 
idle  transformer  for  determining  the  temperature  lag  correction  factor. 
Recommendations  for  modification  of  the  standardization  rules  to  cover 
use  of  idle  transformer  in  temperature  measurements. 

Discussion  under  Group  I. 

METHODS  OF  DETERMINING  TEMPERATURE  OF  TRANSFORMERS 
W.  M.  McConahey  and  C.  Fortetcue  Vol.  mU— 19U,  pp.  iU-lSC 

Conditions  affecting  temperature  of  transformers  under  load.  Test- 
ing effectiveness  of  cooling  or  ventilation.  Methods  of  loading  trans- 
formers for  temperature  tests,  followed  by  description  of  alternate  open  and 
short-circuit  method  of  testing  a  single  transformer  together  with  mathe- 
matical proof  and  actual  tests. 

Discussion  under  Group  I. 

CORRECTION  OF  TRANSFORMER  TEMPERATURES  FOR  VARIATION  IN  ROOM 
TEMPERATURE,  TAKING  INTO  ACCOUNT  BOTH  COPPER  AND  IRON 

LOSSES 
C.  Forteacve  Vol.  mU— 19U,  pp.  ttT-tt4 

Development  of  a  method  of  calculating  the  temperature  rise  corres- 
ponding to  standard  room  temperature  when  rise  of  any  known  room  tem- 
perature has  been  observed. 

Discussion  under  Group  I. 
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THB  TBMPBRATURE  RISB  OP  STATIONARY  INDUCTION  APPARATUS  AS  IN- 
FLUBNCBD  BT  THB  BFFBCTS  OF  TBMPBRATURB.  BAROMBTRIC  PRBSSURB 
AND  HUMIDITY  OF  THB  COOLING  MBDIUM 
J.  J.  Pnnk  and  W.  O.  Dwyer  Vol.  mU— If  U,  pp.  iS6-U8 

Brief  review  of  the  quantitative  relation  between  temperature  and  heat 
dissipation  by  radiation,  convection  and  conduction  and  effect  of  room 
temperature,  barometric  pressure  and  moisture  in  each  case.  Experi- 
mental investigation  of  the  effects  of  the  last  named  factors  in  tempera- 
ture tests  of  transformers.  Recommendations  for  correction  factors  of 
transformer,  classified  by  methods  of  cooling.  Results  of  tests  plotted 
as  curves. 

Discussion  under  Group  I. 

BFPBCT   OF  AIR  TBMPBRATURB.  BAROMBTRIC  PRBSSURB  AND  HUMIDITY 

ON  THB  TBMPBRATURB  RISB  OF  BLBCTRIC  APPARATUS 
C.  B.  Skinner,  L.  W.  Chvbb  and  PhilUpa  Thomai  VoL  xnii— if  U,  pp.  tTt-tM 

Account  of  test  upon  a  coil  in  a  closed  space  where  surrounding  condi- 
tions are  under  control.  Results  of  tests  and  conclusions  regarding  ap- 
plication of  correction  factors  to  room  temperature  for  reduction  of  re- 
sults to  standard  conditions. 

Discussion  under  Group  I. 

A  LABORATORY  INVBSTIGATION  OF  TBMPBRATURB  RISB  AS  A  FUNCTION  OF 

ATMOSPHBRIC  CONDITIONS 
C.  B.  Blanchard  and  C.  T.  Anderaon  Vol.  zzzli— 19U,  pp.  tM-i99 

Description  of  apparatus  and  tests  giving  results  in  tabular  and  graphic 
form.  Effects  of  atmospheric  temperature,  pressure  and  moisture  con- 
sidered separately. 

Discussion  under  Group  I. 

LAWS  OF  HBAT  TRANSMISSION  IN  BLBCTRICAL  MACHINBRY 
Irrinc  Langmnir  Vol.  soU—lf  U,  pp.  Ml-«tt 

Review  of  theory  of  heat  conduction,  radiation  and  convection.  Tables 
of  thermal  conductivity  and  resistivity  of  various  electrical  materials; 
also  emissivity  of  various  metal  surfaces.  Temperature  coefficient  of  heat 
resistivity,  emissivity  and  convection  with  different  kinds  of  materials. 
Extensive  references  to  literature  of  the  world  on  the  subject  of  heat  dis- 
sipation. Application  of  film  theory  of  convection  under  various  condi- 
tions.    Results  compared  with  older  formulas. 

Discussion  under  Group  I. 

DISCUSSION  GROUP  I  PAPBRS 

pp.  in-MT 

Haatiac,  Haat,  Maasnramanti  Rating  by  Heat 
(a)  Moving  Machinery 

Notes  on  Internal  Heating  of  Stator  Coils,  by  R.  B.  Williamson. 

Measurement  of  Temperature  on  Rotating  Electric  Machines,  by  L.  W. 
Chubb,  E.  I.  Chute,  and  O.  W.  A.  Getting. 

Methods  of  Determining  Temperature  of  A-C.  Generators  and  Motors 
and  Room  Temperature,  by  H.  G.  Reist  and  T.  S.  Eden. 

Thermocouples  and  Resistance  Coils  for  the  Determination  of  Local 
Temperatures  in  Electrical  Machines,  by  J.  A.  Capp  and  L.  T.  Robin- 
son. 
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(h)   Transformers 

Methods  of  Determining  Temperature  of  Transformers  and  of  Cooling 
Medium,  by  S.  E.  Johannesen  and  G.  W.  Wade. 

Methods  of  Measuring  Temperature  of  Transformers,  by  C.  Fortescue 
and  W.  M.  McConahey. 

Correction  of  Transformer  Temperature  for  Variation  of  Room  Tempera- 
ture, taking  into  Account  both  Copper  and  Iron  Losses,  by  C.  Fortes- 
cue. 

(c)  Temperature  Correction 

The  Temperature  Rise  of  Stationary  Induction  Apparatus,  by  J.  J.  Prank 
and  W.  O.  Dwyer. 

Effect  of  Room  Temperature  on  Temperature  Rise  of  Motors  and  Genera- 
tors, by  M.  W.  Day  and  R.  A.  Beekman. 

Effect  of  Air  Temperature,  Barometric  Pressure  and  Humidity  on  the 
Temperature  Rise  of  Electrical  Apparatus,  by  C.  E.  Skinner,  L.  W. 
Chubb  and  Phillips  Thomas. 

A  Laboratory  Investigation  of  Temperature  Rise  as  a  Funct  on  of  Atmos- 
pheric Conditions,  by  C.  B.  Blanchard  and  C.  T.  Anderson. 

Laws  of  Heat  Transmission  in  Electrical  Machinery,  by  Irving  Langmuir. 

(d)  Cable  Heating 

Current  Rating  of  Electric  Cables,  by  R.  W.  Atkinson  and  H.  W.  Fisher. 
The  Heating  of  Cables  Carrying  Current,  by  S.  Dushman. 

Discussion  pages  359-409,  by  Messrs.  Comfort  A.  Adams,  S.  Dushman, 
William  F.  Dawson,  Leo  Schuler,  C.  O.  Mail'oux,  M.  W.  Day,  H.  M.  Ho- 
bart,  Charles  P.  Steinmetz,  W.  A.  Durgin,  B.  G.  Lamme,  M.  E.  Leeds, 
L.  W.  Chubb,  L.  T.  Robinson,  R.  F.  Schuchardt,  Elmer  I.  Chute,  A.  E. 
Kennelly,  James  Burke,  Robert  Lundell,  F.  D.  Newbury,  B.  A.  Behrend, 
Alexander  Gray,  R.  B.  Williamson,  Selby  Haar,  E.  W.  Stevenson,  C. 
Fortescue,  John  J.  Frank,  J.  M.  Weed,  Carl  J.  Fechheimer,  Paul  Mac- 
Gahan,  H.  L.  Wallay,  A.  Herz,  D.  W.  Roper,  Edmund  C.  Stone,  C.  P. 
Randolph,  and  E.  D  Edmonston. 

General  remarks  on  relative  merits  of  different  methods  of  tempera- 
ture measurement  in  connection  with  the  rating  of  electrical  machinery. 
Thermal  data  from  experience  with  electrical  machinery,  apparatus  and 
materials.  Results  of  extens  ve  tests  on  current-carrying  capacity  of 
different  types  of  cables      Temperature  rise  calculations. 

LOSSES  IN  TRANSFORMERS 
W.  W.  L«wis  Vol.  zzadi— 19U,  pp.  «M-48i 

Experimental  study  of  the  no-load  and  load  losses  in  different  types  of 
power  transformers  and  high-tension  instrument  transformers  showing  the 
effect  of  changes  in  frequency,  temperature,  voltage  and  current.  Re- 
sults presented  in  tabular  and  graphic  form.  Recommendations  for  new 
rules  defining  transformer  losses. 

Discussion  under  Group  II 

STRAY  LOSSES  IN  TRANSFORMERS 
C.  Fortefcue  and  W.  M.  McConAhey  VoL  zsdi— if  18,  pp.  MA-4TT 

Mathematical  analysis  of  transformer  resistance  and  inductance  under 
load,  no-load  and  short-circuit  conditions.  Suggested  method  of  measur- 
ing   short-circuit    and    impedance    losses.     Development    of    practical 
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formulas  for  figuring  regulation  and  stray  losses.     Recommendations  for 
methods  of  obtaining  losses  and  impedance  voltage. 
Discussion  under  Group  II. 

DISCUSSION  GROUP  U  PAPERS 

pp.  4U-Mf 

Method!  of  Dotemiiniiig  Losses  in  Appsrstus 

(a)  Induction  Motors 
Induction  Motor  Load  Losses,  by  H  G.  Reist,  and  A.  E.  Averrett. 
Stray  Losses  in  Induction  Motors,  by  A.  M.  Dudley. 
Notes  on  Induction  Motor  Losses,  by  R.  W.  Davis. 

(6)   Transformers 
Losses  in  Transformers,  by  W.  W.  Lewis. 
Stray  Losses  in  Transformers,  by  C.  Portescue  and  W.  M.  McConahey. 

(c)  Generators,  A- C  and  D'C. 

Determination  of  Load  Loss  Correction  Factors  for  Rotating  Electric 

Machines,  by  E.  M.  Olin  and  S.  L.  Henderson. 
Load  Losses  of  Alternating-Current  Generators,  by  W.  J.  Poster  and  E. 

Knowlton. 
Notes  on  Stray  Losses  in  Synchronous  Machines,  by  P.  K    Brainard. 
Stray  Loss  in  Direct-Current  Commutating  Machines,  by  H.  P.  T.  Erben 

and  H.  S.  Page. 

(d)  Error  of  Tests 

The  Determination  of  Stray  Losses  from  Input-Output  Tests,  by  L.  T. 

Robinson 
Sources  of  Error  in  the  Efficiency  Determination  of  Rotating  Electric 

Machines  by  Elmer  I.  Chute,  and  William  Bradshaw. 

{e)  Brush  Losses 
Brush  Friction  and  Contact  Losses  by  H.  P.  T.  Erben  and  A.  H.  Free- 
man. 
Methods  of  Determining  Brush  Losses  Due  to  Contact  and  Friction, 

by  H.  R.  Edgecomb  and  W.  A.  Dick. 
Commutation  and  Brush  Losses,  by  C.  E.  Wilson. 

Discussion,  pages  587-648,  by  Messrs.  A.  E.  Averrett,  B.  A.  Behrend, 
C.  P.  Steinmetz,  James  Burke,  H.  M.  Hobart,  Leo  Schuler,  B.  G.  Lamme, 
R.  E.  He  Imund,  C.  J.  Fechheimer,  Comfort  A.  Adams,  R.  B.  Williamson, 
L.  T.  Robinson,  M.  G.  Lloyd,  J.  M.  Weed,  C.  Portescue,  E.  A.  Wagner, 
Charles  P.  Scott,  J.  E.  Saimders.  Paul  M.  Lincoln,  W.  C.  Smith.  G.  K. 
Kaiser,  W.  B.  Brady,  A.  H.  Freeman,  Alexander  Gray,  R  B.  Treat. 
W.  P.  Dawson,  P.  D.  Newbury,  L.  E.  Underwood.  T.  M  McNiece,  L. 
R.  Berkeley  and  E.  H.  Martindale,  John  L.  Harper,  W.  J.  Foster,  H.  P. 
T.  Erben,  E.  M.  Olin  and  E.  I.  Chute. 

Suggestions  for  terminology  of  load  and  stray  losses.  Definitions  of 
core  losses  in  induction  motors  and  transformers.  Determination  of 
transformer  losses.  Effects  of  various  factors  upon  brush  friction.  Care 
of  commutators  and  brushes.  Effect  of  brush  angle  inclination  upon  fric- 
tion. Variation  of  friction  with  current  density.  Discussion  of  methods 
of  measuring  and  estimating  efficiency  of  generators  and  motors. 
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LOAD  TBST8  O  V  ntAVSTOUfSBS 
J.  J.  E.  MmUem  V-L  mi 

Brief  description  of  various  loading  back  tests  on  two  or  more  trans- 
formers of  different  types.  Description  of  method  of  testing  single  trans' 
former  for  running  temperature  with  artificial  loading.  Results  of  tests 
tabulated  and  method  of  test  recommended  to  Standards  Committee. 

DiuuMsion  under  Group  III. 

somicss  OF  SKXOR  m  ntAvsroRmE  tssts 

W.  WL  McCM«fe«j  mmt  C.  F«ctMC«c  VoL  snS— IMS.  ppL  TW-TM 

Brief  outl  ne  of  various  commercial  tests  of  power  transformers,  point- 
ing out  possible  errors  and  how  to  avoid  them. 
Dis  ussion  under  Group  III. 

Ducnssiov  GROUP  m  papers 

pp.  •<»-»•• 

Method  «f  Tcstng  Afpantos  for  Pcif orauace 

(a)  Generators  and  Induction  Motors 

Comparison  of  Methods  of  Loading  Large  A-C.  and  D-C.  Generators  and 

Synchronous  Converters  for  Factory  Temperature  Test,  by  F.  D. 

Newbury. 
Comparison  of  Methods  of  Making  Load  Tests  on  A-C.  Generators  and 

on  Induction  Motors,  by  E.  F.  Col  ins  and  W.  E.  Holcombe. 
Notes  on  Method  of  Making  Load  Tests  on  Large  Induct  on  Motors, 

by  A  M.  Dudley. 

(b)  Transformers 

Load  Test  on  Transformers,  by  J.  J.  K.  Madden. 

Source    of  Error  in  Transformer  Tests    by  W    M.  McConahey  and  C. 
Portescue 

Discussion,  pages  711-720,  by  Messrs.  A  E  Averrett,  R.  B  Williamson, 
R.  E.  Hdlmund.  B.  G.  Lamme,  Leo  Schuler,  E.I.  Chute.  Pau  M.  Lincoln, 
P.  D  Newbury,  A  J.  Porskievies,  Alexander  Gray  B.  A.  Behrend,  H.  M. 
Hobart,  Stuart  L.  Henderson  J.  J.  K.  Madden.  Charles  P.  Steinmetz, 
W  J  Poster,  Edgar  Knowlton,  C.  J.  Fechheimer  J.  M  Weed  and 
M.  G.  Lloyd 

General  remarks  and  opinions  on  methods  of  loading  generators,  motors, 
and  transformers  artificially,  based  largely  on  experience.  Suggested 
definition  for  transformer  ratio. 

WAVB  DISTORTIONS  AND  THEIR  BFFBCTS  ON  ELECTRICAL  APPARATUS 
P.  M.  Liacoia  Vol.  zzzii— if  U,  pp.  TSi-rr4 

General  remarks  on  wave  distortion  and  criticism  of  Inst  tute  10  per 
cent  Rule.     Discussion  illustrated  by  analysis  of  few  actua'  cases. 
Discuss  on  under  Group  IV. 

A  PROPOSED  WAVE  SHAPE  STANDARD 
CftMins  M.  JHwiM  Vol.  mii— ISU,  pp.  TTf-Ttt 

Criticism  of  Institute  10  per  cent  Rule  and  definite  suggestions  for 
new  rules.  Also  description  of  apparatus  and  method  of  measuring 
the  proposed  distortion  ratio.  Appendix  giving  derivation  of  distortion 
ratio. 

Discussion  under  Group  IV. 
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DISCUSSION  GROUP  IV  PAPERS 

pp.  Ttl-M4 

MiicelUiaeoiif  Subjects  Relttinf  lo  Ratiiif 

(a)  OUSwiUkes 
Rating  of  Oil  Circuit   Breakers  with  Reference  l»»  Rupturing  Capacity, 
by  G.  A,  Burnhatn. 
((f)  Spark  Gap 
The  Sphere  Spark  Oap,  by  S.  \V.  Farnsworth  and  C.  Fortescue. 
The  Calibration  of  the  Sphere-CJap  V\)Umeter,  by  L.  \V.  Chubb  and  C. 
Fortescue. 

(c)   Wave  Form 
Potential  Waves  of  A-C.  Generators,  by  W.  J.  Foster. 
Wave  Form  Distortions  and  Their  Effect  on  Electrical   Apparatus,  by 

P.  M.  Lincoln. 
A  Proposed  Wave  Shape  Standard,  by  Cassius  M.  Davis. 

{d)  Regulation 
The  Experimental  Determination  of  the  Regulation  of  Alternators,    by 

A.  B.  Field. 
Regulation  of  Definite  Pole  Alternators,  b^  Soren  H.  Mortensen. 
Generator  and  Prime  Mover  Capacities,  by  David  B.  Rushmore  and 
E.  A.  Lof. 
Discussion,  pages  807-854,  by  Messrs.  Paul  M.  Lincoln,  M.  G.  Lloyd, 
F.  D.  Newbury,  Ford  W.  Harris,  Chester  Lidhtenberg,  F.  W.  Peek,  Jr., 
C.  E.  Skinner,  J.  A.  Sandford,  Jr.,  Comfort  A.  Adams,  L.  W.  Chubb, 
Percy  H.  Thomas,  C.  Fortescue,  M.  W.  Franklin,  Charles  P.  Steinmetz, 
J.  B.  Whitehead,  F.  M.  Farmer  and  E.  D.  Doyle,  B.  G.  Lamme.  A.  E. 
Kennelly,  Charles  F.  Scott,  L.  T.  Robinson,  Taylor  Reed,  Cassius  M. 
Davis,  S.  S.  Seyfert,  Alexander  Gray,  Frank  T.  Leilich,  W.  L.  Waters, 
George  Smith,  C.  J.  Fechheimer  and  Leo  Schuler. 

General  remarks,  criticisms  and  suggestions.  Test  data,  calibration 
curves  and  laws  of  sphere-gap  voltmeter.  Wave-form  measurement, 
test  data.  Calculation  of  alternator  regulation  and  description  of 
method. 

THB  APPUCATION  OF  A  THBORBM  OF  BLBCTRO-8TATICS  TO  INSULATION 

PROBLBMS 
C.  Fortetoit  Vol.  ndl— 19U,  pp.  MT-Mt 

Mathematical  analysis  of  electric  field  about  a  sphere  and  various 
other  geometric  shapes.  Application  of  flux  distribution  theory  to  design 
of  core  and  shell- type  transformer  insulation.  Diagrammatic  illustrations 
of  transformer  insulation  construction.  Pin  and  suspension  type  line 
insulators  designed  upon  same  principles.     1,000,000- volt  transformer. 

Discussion  (including  that  of  paper  by  Messrs.  C.  L.  Fortescue  and  S. 
W.  Farnsworth),  pages  026-951,  by  Messrs.  Percy  H.  Thomas,  Ralph  D. 
Mershon,  C.  O.  Mailloux,  F.  W.  Peek,  Jr.,  A.  E.  Kennelly,  Philip  Torchio, 
J.  Murray  Weed,  Harris  J.  Ryan  and  C.  Fortescue. 

General  remarks  on  insulation  design  and  the  dielectric  circuit.  Sharp 
criticism  and  hearty  praise  of  author's  papers.  Effect  of  lightning  stroke 
and  high  frequency  upon  insulator  design.  Limitations  of  condenser 
type  terminals.  Effect  of  frequency,  external  bodies,  surface  conduction 
upon  insulation  design. 
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9.  ELECTRICAL   MACHINERY   AND   APPARATUS 

HIGH  SPBBD  TUBBO-ALTBRIIATORS— DBSIGNS  AND  UMTTATIONS 
B.    G.    Lamme  Vol.    zzzit— 19U,    pp.    1-«T 

Analytical  discussion  of  developments  and  present  status  of  turbo- 
alternator  design,  covering  general  mechanical  construction,  vibration, 
temperature  rise  and  distribution,  insulation  losses,  regulation  and  all 
other  important  factors  that  enter  into  the  problem.  The  paper  is 
especially  complete  as  to  ventilation,  temperature  and  insulation. 

Discussion,  pages  38-78,  by  Messrs.  Henry  G.  Reist,  R.  B.  Williamson, 
Philip  Torchio,  C.  J.  Fechheimer,  William  LeRoy  Emmet,  Paul  M. 
Lincoln,  Peter  Junkersfeld,  H.  M.  Hobart,  W.  L.  Waters,  Comfort  A. 
Adams,  Allan  B.  Field,  W.  J.  Foster,  K.  E.  Czeija,  Alexander  Gray, 
Bradley  T.  McCormick,  Jens  Bache-Wiig,  F.  H.  Clough  and  B.  G. 
Lamme. 

General  remarks  on  turbo-alternator  design.  Some  difficulties  en- 
countered in  operation.  Equation  for  maximum  output.  Much  data 
and  experience  on  ventilation  and  insulation  of  turbo-alternators.  An- 
alysis of  heat  flow  and  temperature  distribution. 

MBTHODS  OF  RATING  ELBCTRICAL  APPARATUS 
W.  L.  Merrill,  W.  H.  PoweU  and  Charles  Robbins  Vol.  zzzU— 1«U,  pp.  91-100 

Recommendations  for  the  standardization  of  electrical  apparatus 
ratings  according  to  a  plan  that  will  more  truly  represent  the  capability 
of  the  apparatus  than  the  present  rules.  Ratings  for  different  classes 
of  service.  Temperature  limitation  of  different  classes  of  insulation 
and  different  kinds  of  service.  Recommendations  for  name  plate 
stamping. 

Discussion  (including  that  of  paper  by  Messrs.  C.  P.  Steinmetz  and  B» 
G.  Lamme),  pages  101-152,  by  Messrs.  F.  B.  Crocker,  James  Burket 
Henry  G.  Stott,  W.  L.  Waters,  H.  U.  Hart,  B.  A.  Behrend,  James  M- 
Smith,  Schuyler  Skaats  Wheeler,  P.  Torchio,  M.  G.  Lloyd,  Charles  P. 
Steinmetz,  Henry  G.  Reist,  B.  G.  Lamme,  Alexander  Gray,  R.  F.  Schu- 
chardt,  C.  E.  Skinner,,  C.  J.  Fechheimer,  W.  L.  Merrill,  W.  H.  Powell, 
Charles  F.  Scott,  Comfort  A.  Adams,  C.  L.  de  Muralt,  H.  M.  Hobart, 
A.  E.  Kennelly,  A.  M.  Rossman,  C.  E.  Allen,  E.  A.  Wagner,  G.  I.  Sta- 
deker,  J.  W.  Welsh,  Edmund  C.  Stone  and  William  F.  DawsonT 

Comments  and  criticisms  of  the  recommendations  for  standard  methods 
of  rating  and  limiting  temperatures  of  electrical  apparatus.  Experience 
in  the  operation  of  electrical  machinery  with  regard  to  safe  operating 
temperature.  American  standardization  rules  compared  with  European 
standards.  International  Electro-technical  Commission  rules  compared 
with  Institute  rules.  Defence  and  explanation  of  the  proposed  new 
standardization  rules. 

nOTBS  ON  Ilf TBRlf  AL  HBATING  OF  STATOR  COILS 
R.  B.  WUliaoMOB  Vol.  zndi— lOlS,  pp.  lU-lOt 

Development  of  method  of  determining  by  calculation  the  maximum 
temperature  in  the  stator  coils  for  a  given  apparatus.  Heat  conductance 
of  various  commercial  substances. 

piscussion  under  Group  I. 
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MBASUBBMBNT  OF  TBMPBKATUItB  III  ROTATING  BLBCTSIC  BCACHI1IB8 
L.  W.  Chubb,  B.  I.  Chute  and  O.  W  A.  Oetting  Vol.  zzzii— 1«U,  pp.  1M-It« 

Criticisms  and  comments  on  the  thermometer  and  resistance  methods 
of  measuring  temperature  of  electrical  machinery.  Description  of  special 
methods  of  temperature  measurement  including  resistance  exploring 
coils  and  thermocouples.  Tests  of  temperature  distribution  in  iron  and 
copper  of  revolving  field  generator.  Criticism  of  present  standardization 
rules  on  temperature  limits  and  measurements.  List  of  recommendations 
for  improved  rules. 

Discussion  under  Group  I. 

MBTHOD    OF   DBTBRMININ6    TBMPBRATURB    OF   ALTBRlfATIlfG    CURRBHT 

6BNBRATORS  AND  MOTORS  AND  ROOMTBMPBRATURB      :.       . 
Henry  6.  Reist  and  T.  S.  Bden  Vol.  zzztt--l«U,  pp.  ITTHM 

Experimental  investigation  of  thermometer  design  for  measuremMit  of 
the  true  temperature  of  electrical  machinery.  Comparison  of  results  with 
thermometer,  resistance  and  exploring  coil  methods.  Correction  factors 
for  temperature  of  enclosed  machines. 

Discussion  under  Group  I. 

THERMOCOUPLBS  AND  RESISTANCB  COILS  FOR  THB  DBTBRMINATION  OF 

LOCAL  TBMPBRATURBS  IN  BLBCTRICAL  MACHINES 
J.  A.  Capp  and  L.  T.  Robinson  Vol  xzzH— 1«U,  pp.  ISf-lM 

General  analysis  of  the  methods  of  measuring  temperature  in  electrical 
machinery  giving  relative  merits  of  thermometers,  change  of  resistance 
of  windings,  resistance  thermometers,  special  resistance  coils  and  thermo- 
couples. 

Discussion  under  Group  I. 

EFFECT  OF  ROOM  TEMPERATURE  ON  TEMPERATURE  RISE  OF  MOTORS  AND 

GENERATORS 
MazweU  W.  Day  and  R.  A.  Beekman  Vol.  zxzii— 1«U.  pp.  IM-ltS 

Account  of  special  tests  on  various  types  of  motors  and  generators  in  a 
closed  room  provided  with  facilities  for  varying  and  controlling  the  temper- 
ature of  the  surrounding  air.  Development  of  method  of  determining 
room  temperature  correction  factor  from  observed  temperature  at  other 
than  standard  room  temperature.  Temperatures  in  various  parts  of 
machines  plotted  for  different  methods  of  ventilation  and  room  tempera- 
tures. Room  temperatures  correction  factors  for  various  types  of  ma- 
chines tabulated. 

Discussion  under  Group  I. 

EFFECT  OF  AIR  TEMPERATURE,  BAROMETRIC  PRESSURE  AND    HUMIDITY 

ON  THE  TEMPERATURE  RISE  OF  ELECTRIC  APPARATUS 
C.  E.  Skinner,  L.  W.  Chubb  and  Phillips  Thomas  Vol.  zzzii— 191S,  pp.  ST^-188 

Account  of  test  upon  a  coil  in  a  closed  space  where  surrounding  condi- 
tions are  under  control.  Results  of  tests  and  conclusions  regarding 
application  of  correction  factors  to  room  temperature  for  reduction  of 
results  to  standard  conditions. 

Discussion  under  Group  I. 
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A  LABORATORY  INVB8TIOATION  OF  TBMPBRATURB  RISE  AS  A  FUVCTIOlf  OF 

ATM08PHBRIC  CONDITIONS 
C.  B.  BUmclurd  and  C.  T.  Anderson  Vol.  zxzU— 191S,  pp.  ISt-ttt 

Description  of  apparatus  and  tests  giving  results  in  tabular  and  graphic 
form.  Effects  of  atmospheric  temperature,  pressure  and  moisture  con- 
sidered separately. 

Discussion  under  Group  I. 

LAWS  OF  HBAT  TRANSMISSION  IN  BLBCTRICAL  MACHINBRT 
Ining  Lugmisir  Vol.  aaii~l«lS,  pp.  SOl-SU 

Review  of  theory  of  heat  cbnduction,  radiation  and  convection.  Tables 
of  thermal  conductivity  and  resistivity  o<  various  electrical  materials, 
also  emissivity  of  various  metal  surfaces.  Temperature  coefficient  of  heat 
resistivity,  emissivity  and  convection  with  different  kinds  of  materials. 
Extensive  references  to  literature  of  the  world  on  the  subject  of  heat 
dissipation:  Application  of  film  theory  of  convection  under  various  condi- 
tions.    Results  compared  with  older  formulas. 

Discussion  under  Group  I. 

DISCUSSION  GROUP  I  PAPBRS 

pp.  ISS-SST 

Heating,  Heat  Measorements,  Rating  by  Heat 

(a)  Moving  Machinery 

Notes  on  Internal  Heating  of  Stator  Coils,  by  R.  B.  Williamson. 
Measurement  of  Temperature  of  Rotating  Electric  Machines,  by  L.   W. 

Chubb,  E.  I.  Chute,  and  O.  W.  A.  Getting. 
.  Methods   of  Determining  Temperature  of  A-C.  Generators  and  Motors 

and  Room  Temperature,  by  H.  G.  Reist  and  T.  S.  Eden. 
Thermocouples  and  Resistance  Coils  for  the   Determination  of  Local 

Temperatures  in  Electrical  Machines,  by  J.  A.  Capp  and     L.  T. 

Robinson. 

(b)  Transformers 

Methods  of  Determining  Temperature  of  Transformers  and  of  Cooling 
Medium,  by  S.  E.  Johannesen  and  G.  W.  Wade. 

Methods  of  Measuring  Temperature  of  Transformers,  by  C.  Portcscue 
and  W.  M.  McConahey. 

Correction  of  Transformer  Temperature  for  Variation  of  Room  Tempera- 
ture, taking  into  Account  both  Copper  and  Iron  Losses,  by  C.  Fortes- 
cue. 

(c)  Temperature  Correction 

The  Temperature  Rise  of  Stationary  Induction  Apparatus,  by  J.  J. 
Frank  and  W.  O.  Dwyer. 

Effect  of  Room  Temperature  on  Temperature  Rise  of  Motors  and  Genera- 
tors, by  M.  W.  Day  and  R.  A.  Beekman. 

Effect  of  Air  Temperature,  Barometric  Pressure  and  Humidity  on  the 
Temperature  Rise  of  Electrical  Apparatus,  by  C.  E.  Skinner,  L.  W. 
Chubb  and  Phillips  Thomas. 

A  Laboratory  Investigation  of  Temperature  Rise  as  a  Function  of  Atmos- 
pheric Conditions,  by  C.  B.  Blanchard  and  C.  T.  Anderson. 

Laws  of  Heat  Transmission  in  Electrical  Machinery,  by  Irving  Langmuir. 

(d)  Cable  Heating 

Current  Rating  of  Electric  Cables  by  R.  W.  Atkinson  and  H.  W.  Fisher. 
The  Heating  of  Cables  Carrying  Current,  by  S.  Dushman.         ^  t 
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Discussion,  pages  359-400,  by  Messrs.  Comfort  A.  Adams,  S.  Dushman, 
William  F.  Dawson.  Leo  Schuler,  C.  O.  Mailloux.  M.  W.  Day,  H.  M.  Ho- 
bart,  Charles  P.  Steinmetz,  W.  A.  Dur^n,  B.  G.  Lamme,  M.  B.  Leeds, 
L.  W.  Chubb,  L.  T.  Robinson,  R.  F.  Schuchardt,  Elmer  L  Chute,  A.  E. 
Kennelly,  James  Burke,  Robert  Lundell,  F.  D.  Newbury,  B.  A.  Behrend, 
Alexander  Gray,  R.  B.  Williamson,  Selby  Haar,  E.  W.  Stevenson,  C. 
Fortescue,  John  J.  Frank,  J.  M.  Weed,  Carl  J.  Fechheimer,  Paul  Mac- 
Gahan,  H.  L.  Wallau,  A.  Herz,  D.  W.  Roper,  Edmund  C.  Stone,  C.  P. 
Randolph,  and  E.  D.  Edmonston. 

General  remarks  on  relative  merits  of  different  methods  of  tempera- 
ture measurement  in  connection  with  the  rating  of  electrical  machinery. 
Thermal  data  from  experience  with  electrical  machinery,  apparatus  and 
materials.  Results  of  extensive  tests  on  current-carrying  capacity  of 
different  types  of  cables.     Temperature  rise  calculations. 

IlfDUCTIOn  MOTOR  LOilD  LOSSBS 
Henry  G.  Reist  and  A.  B.  ATerrett  VoL  zzsii— 191S,  pp.  4tt-«M 

Discussion  of  the  effect  of  load  upon  copper  and  core  losses  with  differ- 
ent types  of  slot  and  winding  construction,  followed  by  tests  and  general 
conclusions  as  to  effect  of  load  losses. 

Discussion  under  Group  IL 

STRAY  LOSSES  IN  INDUCTION  MOTORS 
A.  M.  Dudley  VoL  xxxii— 1«U.  pp.  4tf-tt4 

Discussion  of  load  losses  of  induction  motors  of  various  sizes.  Recom- 
mendations for  standardization  rules  covering  suggested  method  of  deter- 
mining load  losses  from  no-load  tests. 

Discussion  under  Group  H. 

NOTES  OH  INDUCTION  MOTOR  LOSSES 
R.  W    DATis  VoL  zzzii— 1«U.  pp.  4tf-MT 

Tabulated  test  results  of  stray  losses  in  different  sizes  of  induction 
motors. 

Discussion  under  Group  IL 

DETERMINATION   OF   LOAD   LOSS   CORRECTION   FACTORS  FOR    ROTATING 

ELECTRIC  MACHINES 
E.  M.  Olin  and  S.  L.  Hendenon  VoL  znii— 191S,  pp.  4Tt-Mt 

Description  and  results  of  tests  on  d.c.  and  a.c.  generators  and  syn- 
chronous converters  to  determine  load  losses  and  fix  a  correction  factor  that 
can  be  used  with  no-load  measurements  to  get  the  true  losses  under  load. 
Results  in  tabular  and  graphic  form.  Correction  factors  for  well  designed 
d.c.  generators  and  motors,  synchronous  generators  and  motors,  26  and 
60-cycle  synchronous  converters. 

Discussion  under  Group  II. 

LOAD  LOSSES  OF  ALTERNATING-CURRENT  GENERATORS 
W.  J.  Foster  and  Edgar  Knowlton  VoL  mil— If  U»  pp.  Mt-CIT 

Analytical  discussion  on  load  losses  in  a.c.  generators  and  methods  of 
determining  them.  Experimental  investigation  and  comparison  of 
various  methods  of  measurement,  including  separation  of  losses,  phase 
characteristic  and  circulating  energy  methods.  Results  in  tabular  and 
graphic  form. 

Discussion  under  Group  II. 
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NOTBS  OH  STRAY  LOSSES  IK  STNCHROHOTTS  MACHIlffSS 
F.  K.  Bninard  VoL  mU— 1«U,  pp.  8i»-itl 

Nature  and  determination  of  load  losses  in  synchronous  machines. 
Discussion  under  Group  II. 

STRAY  LOSS  IN  DIRSCT-CURRBRT  COMMITTATING  MACHINBS 
H.  F.  T.  Srben  and  H.  S.  Page  Vol.  zxzii— 19U,  pp.  MS-itt 

Description  of  method  of  testing  machinery  for  load  losses.     Results 
of  tests  of  number  of  a.c.  machines  given  in  form  of  loss-load  curves. 
Discussion  under  Group  II. 

THB  DBTBRMIlf  ATION  OF  STRAY  LOSSBS  FROM  IKPUT-OUTPUT  TESTS 
L.  T.  Robinson  VoL  xziii— 1«U,  pp.  8S1-M0 

Analysis  of  factors  that  determine  the  precision  of  input-output  effi- 
ciency tests.  Tabulated  results  of  a  large  number  of  tests  to  determine 
the  degree  of  precision  possible  with  commercial  instruments  and  trained 
observers. 

Discussion  under  Group  II. 

SOURCES  OF  ERROR  IN  THE  EFFICIENCY   DETERMINATION  OF  ROTATING 

ELECTRIC    MACHINES 
Elmer  I.  Chute  and  William  Bradshaw  Vol.  zzzti— 191S,  pp.  Ml-MT 

Analytical  discussion  of  errors  due  to  instruments,  observation  and  opera- 
ting conditions.  Comparison  of  input-output  and  separation  of  losses 
methods  of  determining  efficiency. 

Discussion  under  Group  II. 

BRUSH  FRICTION  AND  CONTACT  LOSSES 
H.  F.  T.  Erben  and  A.  H.  Freeman  Vol.  zxzii— i«lS,  pp.  M»-M4 

Experimental  study  of  brush  friction  and  contact  resistance  losses 
developing  a  practical  method  of  calculation. 
Discussion  under  Group  II. 

METHODS  OF  DETERMINING  BRUSH  LOSSES  DUE  TO  CONTACT  AND  FRICTION 
H.  R.  Edgecomb  and  W.  A.  Dick  Vol.  zzidi— 1913,  pp.  Mf-«tS 

Analytical  discussion  of  factors  that  enter  into  brush  friction  and  con- 
tact resistance  losses  showing  their  relative  importance.  Supplemented 
by  tests  with  special  apparatus  designed  to  furnish  control  of  variable 
conditions. 

Discussion  under  Group  II. 

COMMUTATION  AND  BRUSH  LOSS 
C.  E.  WUson  Vol.  izzii— 191S,  pp.  trr-SM 

Experimental  investigation  and  analysis  of  losses  due  to  drop  in  brushes. 
Discussion  under  Group  II. 

DISCUSSION  GROUP  II  PAPERS 

pp.  4SS-tS6 

Methods  of  Determining  Losses  in  Apparatus 

(a)   Induction  Motors 
Induction  Motor  Load  Losses,  by  H.  G.  Reist,  and  A.  E.  Averrett. 
Stray  Losses  in  Induction  Motors,  by  A.  M.  Dudley. 
Notes  on  Induction  Motor  Losses,  by  R.  W.  Davis. 
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(6)   Transformers 
Losses  in  Transformers,  by  W.  W.  Lewis. 
Stray  Losses  in  Transformers,  by  C.  Fortescue  and  W.  M.  McConahey. 

(c)  Generators t  A-C  and  D-C, 
Determination  of  Load  Loss  Correction  Factors  for  Rotating  Electric 

Machines,  by  E.  M.  Olin  and  S.  L.  Henderson. 
Load  Losses  of  Alternating-Current  Generators,  by  W.  J.  Foster  and  E. 

Knowlton. 
Notes  on  Stray  Losses  in  Synchronous  Machines,  by  F.  K.  Brainard. 
Stray  Loss  in   Direct-Current  Commutating   Machines,   by   H.   F.   T. 
Erben  and  H.  S.  Page. 
{d)  Errors  of  Tests 
The  Determination  of  Stray  Losses  from  Input-Output  Tests,  by  L.  T. 

Robinson.  * 

Sources  of  Error  in  the  Efficiency  Determination  of  Rotating  Electric 

Machines,  by  Elmer  L  Chute  and  William  Bradshaw. 

(e)  Brush  Losses 

Brush  Friction  and  Contact  Losses,  by  H.  F.  T.  Erben  and  A.  H.  Freeman. 

Methods  of  Determining  Brush  Losses  Due  to  Contact  and  Friction,  by 

H.  R.  Edgecomb  and  W.  A.  Dick. 
Commutation  and  Brush  Losses,  by  C.  E.  Wilson. 

Discussion,  pages  587-646,  by  Messrs.  A.  E.  Averrett,  B.  A.  Behrend, 
C.  P.  Stenimetz,  James  Burke,  H.  M.  Hobart,  Leo  Schuler,  B.  G.  Lamme, 
R.  E.  Hellmund,  C.  J.  Fechheimer,  Comfort  A.  Adams,  R.  B.  Williamson, 
L.  T.  Robinson,  M.  G.  Lloyd,  J.  M.  Weed,  C.  Fortescue,  E.  A.  Wagner, 
Charles  F.  Scott,  J.  E.  Saunders,  Paul  M.  Lincoln,  W.  C.  Smith,  G.  K.  • 
Kdiser,  W.  B.  Brady,  A.  H.  Freeman,  Alexander  Gray,  R.  B.  Treat. 
W.  F.  Dawson,  F.  D.  Newbury,  L.  E.  Underwood,  T.  M.  McNiece,  L.  R. 
Berkeley  and  E.  H.  Martindale,  John  L.  Harper,  W.  J.  Foster,  H.  P.  T. 
Erben,  E.  M.  Olin  and  E.  L  Chute. 

Suggestions  for  terminology  of  load  and  stray  losses.  Definitions  of 
core  losses  in  induction  motors  and  transformers.  Determination  of 
transformer  losses.  Effects  of  various  factors  upon  brush  friction. 
Care  of  commutators  and  brushes.  Effect  of  brush  angle  inclination  upon 
friction.  Variation  of  friction  with  current  density.  Discussion  of  meth- 
ods of  measuring  and  estimating  efficiency  of  generators  and  motors. 

COMPARISON  OF  METHODS  OF  LOADING  LARGE  A-C.  AND  D-C.  GENERATORS 

AND  SYNCHRONOUS  CONVERTERS  FOR  FACTORY  TEMPERATURE  TESTS 
F   D.  Newbury  Vol.  zzzU->l«lS,  pp.  f4t-«M 

Classification  and  discussion  of  various  methods  of  artificially  loading 
rotating  electrical  machinery  for  operating  temperature  tests.  Tests 
comparing  various  methods  with  actual  energy  load.     Results  tabulated. 

Discussion  under  Group  III. 

COMPARISON  OF  METHODS  OF  MAKING  LOAD  TESTS  ON  A^.  GENERATORS 

AND   ON  INDUCTION   MOTORS 
E.  F.  Collins  and  W.  E   Holcombe  Vol.  zzzii— 1911,  pp.  Mt.«81 

Brief  description  of  most  practical  methods  of  obtaining  normal  load 
temperature  in  a.c.  generators  and  induction  motors  under  no-load  and 
partial  load  conditions.  Comparisons  of  results  with  actual  full  load  tests. 
Results  in  tabular  form. 

Discussion  under  Group  III. 

Digitized  by  VjOOQIC 


36  SYNOPTICAL  INDEX 

NOTBS  ON  METHODS  OF  MAKIlf  6  LOilD  TESTS  Olf  LARGE  INDUCTIOlf  MOTORS 
A.  M.  Dudley  Vol.  zzzU— 19U,  pp.  Ht  110 

Brief  description  and  discussion  of  loading  back  and  artificial  loading 
tests  for  induction  motors.  Comparison  of  series  of  tests  by  circulating 
current  method  with  actual  load  test.     Results  tabulated. 

Discussion  under  Group  III. 

Discnssioif  GRO0P  m  papers 

pp.  Mt-TM 

Method  of  Testiiiff  Appftratus  for  Peifoniuuice 

(a)  Generators  and  Induction  Motors 

Comparison  of  Methods  of  Loading  Large  A-C.  and    D-C.  Generators 

and  Synchronous  Converters  for  Factory  Temperature  Test,  by  F. 

D.  Newbury. 
Cdinparison  of  Methods  of  Making  Load  Tests  in  A-C.  Generators  and  on 

Induction  Motors,  by  E.  F.  Collins  and  W.  E.  Holcombe. 
Notes  on  Method  of  Making  Load  Tests  on  Large  Induction  Motors, 

by  A.  M.  Dudley. 

(b)  Transformers 

Load  Tests  on  Transformers,  by  J.  J.  K.  Madden. 

Sources  of  Error  in  Transformer  Tests,  by  W.  M.  McConahey  and  C. 
Fortescue. 

Discussion,  pages  711-729,  by  Messrs.  A.  E.  Averrett,  R.  B.  Williamson, 
R.  E.  Hellmund,  B.  G.  Lamme,  Leo  Schuler,  E.  I.  Chute,  Paul  M.  Lincoln, 
F.  D.  Newbury,  A.  J.  Porskievies,  Alexander  Gray,  B.  A.  Behrend,  H.  M. 
Hobart,  Stuart  L.  Henderson,  J.  J.  K.  Madden,  Charles  P.  Steinmetx. 
W.  J.  Foster,  Edgar  Knowlton,  C.  J.  Fechheimer,  J.  M.  Weed  and  M.  G. 
Lloyd. 

General  remarks  and  opinions  on  methods  of  loading  generators,  motors, 
and  transformers  artificially,  based  largely  on  experience.  Suggested 
definition  for  transformer  ratio. 

POTBlfTIAL  WAVES  OP  ALTSRirATUfG-CURRBlfT  GENERATORS 
W.  J.  Poster  Vol.  mii—l«U,  pp.  T«t-1«4 

Collection  of  e.m.f.  wave  shapes  to  show:  first,  the  evolution  of  a.c. 
generators,  second,  the  effect  of  load  and  no-load  shapes;  third,  typical 
waves  of  machinery  in  extensive  commercial  service. 

Discussion  under  Group  IV. 

THE  EXPERIMENTAL  DETERMINATION  OP  THE  REGULATION  OP 

ALTERNATORS 

A.  B.  Piold  VoL  zzzU— 1«U.  pp.  ItS-TO 

Criticisms   of   present    Standardization   Rules   for   specification  and 
determination  of  regulation,  followed  by  definite  recommendations. 
Discussion  under  Group  IV. 

REGULATION  OP  DEPINTTE  POLE  ALTERNATORS 
Soros  H.  Mortensen  VoL  mii — 1911,  pp.  fM*T94 

Description  of  method  of  determining  regulation  by  Potier*s  triangle. 
Comparison  of  this  method  with  Institute  Rules  method  and  with  actual 
tests  on  a  large  number  of  three-phase,  two-phase  and  single-phase 
machines.  Results  tabulated  and  saturation  curves  plotted  for  each 
method. 

Discussion  under  Group  IV. 
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GBlfXRATOR  AND  PRIMB  MOVBR  CAPACITIBS 
DftTid  B.  Rvihmore  and  Brie  A.  Lof  VoL  zndi— 191S,  pp.   TM-M4 

Brief  review  of  relation  between  rating  of  steam  and  gas  prime  movers, 
and  generators  to  which  they  are  connected.     Discussion  of    selection 
of  water  wheel  capacity  with  due  regard  for  hydraulic  as  well  as  elec- 
trical load  conditions.     Efficiency  curves  of  different  types  of   prime 
movers. 

Discussion  under  Group  IV. 

DISCUSSION  GROUP  IV  PAPBRS 

pp.  tSl-M4 
MiKoUaneons  Subjects  Ralating  to  Rating 

(a)  Oil  Switches 
Rating  of  Oil  Circuit  Breakers  with  Reference  to  Rupturing  Capacity, 
by  G.  A.  Bumham. 
iff)  Spark  Gap 
The  Sphere  Spark  Gap,  by  S.  W.  Farnsworth  and  C.  Fortescue. 
The  Calibration  of  the  Sphere-Gap  Voltmeter,  by  L.  W.  Chubb  and  C. 
Fortescue. 

(c)   Wave  Form 
Potential  Waves  of  A-C.  Generators,  by  W.  J.  Foster. 
Wave  Form  Distortions  and  Their  Effect  on  Electrical  Apparatus,  by 

P.  M.  Lincoln. 
A  Proposed  Wave  Shape  Standard,  by  Cassius  M.  Davis. 

{d)  Regulation 
The  Experimental  Determination  of  the  Regulation  of  Alternators,  by 

A.  B.  Field. 
Regulation  of  Definite  Pole  Alternators,  by  Soren  H.  Mortensen. 
Generator  and  Prime  Mover  Capacities,  by  David  B.  Rushmore  and 
.  E.  A.  Lof . 

Discussion,  pages  807-854,  by  Messrs.  Paul  M.  Lincoln,  M.  G.  Lloyd, 
F.  D.  Newbury,  Ford  W.  Harris,  Chester  Lichtenberg,  F.  W.  Peek,  Jr„ 
C.  E.  Skinner.  J.  A.  Sandford,  Jr.,  Comfort  A.  Adams,  L.  W.  Chubb, 
Percy  H.  Thomas,  C.  Fortescue,  M.  W.  Franklin,  Charles  P.  Steinmetz, 
J.  B.  Whitehead.  F.  M.  Farmer  and  E.  D.  Doyle,  B.  G.  Lamme,  A.  E. 
Kennelly,  Charles  F.  Scott,  L.  T.  Robinson,  Taylor  Reed,  Cassius  M. 
Davis,  S.  S.  Seyfert,  Alexander  Gray,  Frank  T.  Leilich,  W.  L.  Waters. 
George  Smith,  C.  J.  Fechheimer  and  Leo  Schuler. 

General  remarks,  criticisms  and  suggestions.  Test  data,  calibration 
curves  and  laws  of  sphere-gap  voltmeter.  Wave  form  measurement, 
test  data.  Calculation  of  alternator  regulation  and  description  of 
method. 

OPBRATIOir  OF  TRANSMISSION  LINB8 
L««  Hag ood  Vol  xaoii— 191S.  pp.  US-ttl 

Control  of  voltage  and  power  factor  in  medium  and  high-tension 
transmission  lines  by  means  of  synchronous  machines.  Examples  show- 
ing methods  of  calculating  the  performance  of  the  system  and  demon- 
strating the  savings  and  improved  service  resulting  from  use  of  syn- 
chronous machines.  Performance  curves  given  for  each  transmission 
system  discussed. 
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Discussion,  pages  882-892,  by  Messrs.  Herbert  W.  Crozicr,  Lee  Hagood 
Robert  Sibley,  Professor  Cory,  L.  P.  Jorgensen,  J.  P.  Joll)niian,  L.  N. 
Peart,  J.  P.  Francis,  R.  C.  Powell,  and  H.  Y.  Hall. 

General  remarks  on  use  of  synchronous  machines  for  transmission 
line  regulation.     Actual  experience  and  tests  from  systems  of  operation. 

ALTERNATING-CURRENT    MOTORS    FOR    THE    ECONOMIC     OPERATION    OF 

MINE    FANS 
F.  B.  Crosby  VoL  nzii— If  U,  pp.  UT9*MM 

Brief  review  of  methods  of  varying  sj)ced  of  induction  motors  with 
special  reference  to  regulating  sets  and  commutating  machines.  Effi- 
ciency curves  for  different  methods. 

Discussion,  pages  1087-1096,  by  Messrs.  C.  W.  Beers,  Wilfred  Sykes, 
George  R.  Wood,  H.  C.  Eddy,  Graham  Bright,  H.  Meyer-Delius,  W.  O. 

E.  Schumann,  B.  M.  Fast,  H.  L.  Beach,  and  F.  B  Crosby. 

General  remarks  on  operation  of  mine  fans  and  the  use  of  regulator 
commutating  machines  with  induction  motors. 

THE' BEHAVIOR  OF  SYNCHRONOUS  MOTORS  DITRINO  STARTING 

F.  D.  Newbury  VoL  xxxii— 19U.  pp.  Ii0»-lltf 

Analytical  discussion  of  the  starting  performance  of  synchronous 
motors,  started  according  to  various  commercial  methods.  Reasoning 
substantiated  by  actual  tests.  Starting  characteristics  plotted  as 
curves  for  different  conditions. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

COMMUTATING-POLB  SATURATION  IN  D-C.  MACHINES 
Harold  E.  Stokes  VoL  zndi— 191S,  pp.  ISIT-IMS 

Adaptation  of  Gisbert  Kapp's  method  of  obtaining  saturation  in 
transformers  to  commutating  poles  under  load.  Description  and  method 
of  test  and  calculation. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry.*' 

THE  INDUSTRIAL  USE  OF  SYNCHRONOUS  MOTORS  BY  CENTRAL  STATIONS 
ohn  C.  Parker  VoL  zzxii— 19U,  pp.  iM«-lM4 

Suitable  uses  for  synchronous  motors.  Special  adaptation  of  pumps 
and  air  compressors  for  favorable  starting  conditions. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

OPERATION   OF  FREQUENCY   CHANGERS 
N.  E.  Funk  VoL  izzii— ItiS.  pp.  ItU-lTM 

General  review  of  theory  of  parallel  operation  of  synchronous  fre- 
quency changers.  Detailed  description  of  method  of  synchronizing 
with  rotating  synchroscope  and  a  special  synchronizing  indicator.  Ex- 
amples of  use  of  indicator. 

Discussion  (including  that  of  papers  by  H.  R.  Summerhayes  and 
B.  G.  Jamieson)  pages  1731-1736,  by  Messrs.  D.  B.  Rushraore,  F.  D. 
Newbury,  F.  C.  Caldwell,  Paul  M.  Lincoln,  H.  M.  Hobart,  Henry  W, 
Peck,  S.  D.  Sprong,  H.  R.  Summerhayes,  J.  C.  Lincoln,  D.  W.  Roper 
and  N.  E.  Funk. 

General  remarks  on  the  advisability  of  running  machinery  unattended. 
Oil  pressure  for  facilitating  the  starting  of  large  machines,  r^  T 
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IH8TABILITY  OF  BLBCTRIC  CIRCUITS 
Charles  P.  Steinmete  Vol.  xxxii— i«U,  pp.  tOOf-Mti 

Analysis  of  transient,  unstable  equilibrium  and  permanently  unstable 
conditions  in  electric  circuits  using  practical  examples  of  each  to  explain 
the  principles  involved.  Electrical  equilibrium  as  affected  by  switch- 
ing, formation  of  arcs,  unstable  loading  of  induction  motors,  hunting  of 
synchronous  machines,  etc.  Equations  for  use  in  determination  of 
synchronizing  and  damping  powers  in  synchronous  machines. 

No  discussion. 

DYNAMO  BLBCTRIC  LIGHTING  FOR    MOTOR    CARS 
Alfred  B.  Waller  Vol.  xzzii— 19U,  pp.  10U-IOt« 

Consideration  of  some  of  the  most  important  factors  in  the  design  of 
lighting  equipment  for  motor  cars.  Brief  description  of  different  mechan- 
ical and  electrical  methods  of  controlling  the  output  of  the  generator. 
More  detailed  description  of  a  certain  system  using  a  shunt  generator 
with  a  Tirrill  regulator  method  of  control. 

Discussion  incorporated  with  that  of  paper  by  Frank  Conrad  on"Elec- 
trical  Equipment  of  Gasoline  Automobiles." 

ADVANTAGBS  OF  CLUTCH  TTPB  GBNBRATOR  AND  SBPARATB  STARTING  AND 

LIGHTING   UNITS   FOR    MOTOR   CARS 
Alexaader  Churchward  Vol.  xxzii— 191S,  pp.  10S7-S041 

Advantages  of  constant-speed  generator  for  battery  charging  and  series 
motor  for  starting.  Performance  curves  for  battery  charging  and  light- 
ing under  various  conditions  of  car  speed  and  battery  charge  for  con- 
stant-speed generator.  Also  performance  curves  for  variable-speed 
generators. 

Discussion  incorporated  with  that  of  paper  by  Frank  Conrad  on  "Elec- 
trical Equipment  of  Gasoline  Automobiles." 

BLBCTRICAL  BQUIPMBNt  OF  GASOLINB  AUTOMOBILES 
Frank  Conrad  Vol.  zzzii— 191S,  pp.  104S-1091 

Description  of  constant-current  generator  system  for  ignition,  lighting 
and  starting.  Description  of  ignition  device,  designed  to  vary  angular 
time  of  contact  with  speed.  Oscillograms  of  ignition  current  and  curves 
of  4  and  6-cylinder  motor  torque. 

Discussion  (including  that  of  papers  by  Alfred  E.  Waller  and  Alexander 
Churchward),  pages  2052-2075,  by  Messrs.  H.  Ward  Leonard,  Leonard 
Kebler,  Amon  W.  Copley,  A.  D.  T.  Libby,  Harold  Goodwin,  Jr..  C.  E. 
Wilson,  Benjamin  F.  Bailey,  Kingston  Forbes,  Alexander  Churchward, 
Alfred  E.  Waller,  Frank  Conrad,  Alden  L.  McMurtry,  Frederick  S.  Del- 
lenbaugh,  Jr.,  and  John  R.  King. 

Relative  merits  of  constant-speed  and  variable-speed  generators  for 
motor  car  operation.  Tests  of  efficiency  of  slipping  clutch  and  bucking 
series  coil.  Relative  advantages  of  various  car  wiring  systems.  Rosen- 
berg dynamo  for  variable  speed  lighting. 

10.  PRIME    MOVERS    AND    STEAM    BOILERS 

GENERATOR  AND  PRIME   MOVER   CAPACITIES 
Darid  B.  Roalimore  aad  Eric  A.  hot  Vol.  zuii— 191S,  pp.  791-804 

Brief  review  of  relation  between  rating  of  steam  and  gas  prime  movers 
and  generators  to  which  they  are  connected.     Discussion  of  selection        t 
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of  water  wheel  capacity  with  due  regard  for  hydraulic  as  well  as  elec- 
trical load  conditions.     Efficiency  curves  of  different    types    of    prime 
movers. 
Discussion  under  Group  IV. 

STANDARDIZATION  OF  METHOD  FOR  DBTBRMIRING  AND  COMPARING  POWBR 

COSTS  IN  STBAM  PLANTS 
H.  6.  Stott  and  W.  S.  Gomch  Vol.  zzxfi— l«Up  pp.  Ult-lMl 

Detailed  analysis  of  cost  of  energy  production  with  a  view  of  classify- 
ing items  for  intelligent  comparison  of  one  plant  with  another.  Method 
of  allowing  for  differences  in  wages,  coal  cost  and  load  factor.  Suggested 
forms  for  tabulating  costs  and  depreciation. 

Discussion,  pages  1652-1683,  by  Messrs.  Henry  Floy,  Carl  Schwartz, 
William  McClellan,  C.  O.  Mailloux,  Peter  Junkersfeld,  D.  B.  Rushmore, 
L.  P.  Crecelius,  W.  G.  Carlton,  August  H.  Kruesi,  D.  C.  Jackson,  Ralph 
D.  Mershon,  P.  W.  Sothman,  H.  M.  Hobart,  W.  S.  Gorsuch.  E.  D. 
Dreyfus,  Charles  S.  Ruffner,  and  S.  D.  Sprong. 

•  General  remarks  on  methods  of  figuring  costs  and  depreciation.  Classi- 
fication of  accounts  used  by  certain  large  corporations  and  societies. 
Methods  of  comparing  costs  of  production  in  different  plants. 

POWER  FROM   MERCURY  VAPOR 
W.  L.  R.  Emmet  Vol.  zzzii— 191S,  pp.  1US-1U9 

Exposition  of  a  process  of  utilizing  mercury  vapor  pressure  in  a  turbine 
and  then  absorbing  the  exhaust  heat  in  a  steam  boiler  which  serves  as 
a  condenser,  the  steam  being  used  in  the  usual  way.  Theory  of  process 
and  account  of  experimental  investigation  together  with  description  of 
the  mercury  boiler  construction. 

No  discussion. 

11.  CENTRAL  STATIONS 

PITRCHASED  POWER  IN  COAL  MINES 
H.  C.  Eddy  Vol.  zzzii— MlSp  pp.  10tt-10t4 

Brief  analysis  of  the  advantages  of  central  station  supply  over  isolated 
plant. 

Discussion  incorporated  with  that  of  paper  by  C.  W.  Beers  on  "Central 
Station  Power  for  Coal  Mines." 

CENTRAL  STATION  POWER  FOR  COAL  MINES 
C.  W.  Boors  VoL  zzzU— 191S,  pp.  lOM-lOtf 

Advantages  of  central  station  supply  from  the  coal  miner's  point  of 
view.  Analysis  of  fixed  charges  and  operating  costs  for  isolated  mine 
power  plant.  Outline  of  power  contract  between  central  station  com- 
pany and  coal  mining  company. 

Discussion  (including  that  of  paper  by  H.  C.  Eddy),  pages  1040-1053, 
by  Messrs.  It.  A.  Pauly,  George  H.  Morse,  E.  D.  Dreyfus,  T.  E.  Tynes, 
W.  Partridge,  W.  E.  D  ckinson,  H.  C.  Eddy,  George  R.  Wood  and  C. 
W.  Beers. 

General  remarks  on  the  purchase  of  central  station  energy  for  coal 
mines.     Load  factors  and  cost. 
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CENTRAL  STATION  POWER  FOR  MINES 
J.  8.  Jenks  VoL  xxzii— MIS,  pp.  lOfT-llOt 

Brief  outline  of  development  of  supply  of  electric  energy  for  mines 
by  the  West  Penn  system,  describing  the  equipment,  troubles  encountered 
and  how  they  were  overcome. 

Discussion  incorporated  with  that  of  paper  by  Messrs.  H.  M.  Warren 
and  A.  S.  Biesecker  on  "Characteristics  of  Substation  Loads  at  the 
Anthracite  Collieries  of  the  Lackawanna  R.  R.  Co." 

CHARACTERISTICS  OF  SUBSTATION  LOADS  AT  THE  ANTHRACITE   COLLIERIES 

OF  THE  LACKAWANNA  R.  R.  CO. 
H.  M.  Warran  and  A.  S.  Biesecker  Vol.  zzzii— 191S,  pp.  liOt-llOt 

Description  of  tests  with  results  on  15  mine  substations.  Load  curves 
and  load  factors. 

Discussion  (including  that  of  paper  by  J.  S.  Jenks)  pages  1110-1119, 
by  Messrs.  Graham  Bright,  W.  A.  Thomas,  J.  Paul  Clayton,  George  R. 
Wood,  H.  M.  Warren,  George  H.  Morse,  C.  W.  PenDell,  P.  M.  Lincoln. 
Sidney  G.  Vigo,  C.  L  Weaver,  and  T.  E.  Tynes. 

General  remarks  on  rates  and  methods  of  charging  for  central  station 
energy.     Definition  of  load  factor  and  effect  on  rates. 

MINING  LOADS  FOR  CENTRAL  STATIONS 
Wilfred  Sykes  aad  Grmham  Bright  Vol.  zzxii— 19U,  pp.  lUi-llSt 

Classification  of  mining  service  and  analytical  discussion  of  power 
requirements  and  load  characteristics  of  each  type  of  service.  Outline 
and  discussion  of  various  methods  of  charging  for  and  measuring  central 
station  service.     Suggestions  for  contracts. 

Discussion,  pages  1137-1147,  by  Messrs.  P.  M.  Lincoln,  Sidney  G.  Vigo, 
Theodore  Swann,  H.  C.  Eddy,  and  Graham  Bright. 

General  remarks  on  methods  of  charging  for  central  station  service 
with  illustrations  from  actual  practice  of  large  companies. 

THE  INDUSTRIAL  USB  OF  SYNCHRONOUS  MOTORS  BY  CENTRAL  STATIONS 
John  C.  Pvker  Vol.  xxxli— 191S,  pp.  1U«-1I«4 

Suitable  uses  for  synchronous  motors.  Special  adaptation  of  pumps 
and  air  compressors  for  favorable  starting  conditions. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "  Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

STANDARDIZATION    OF    METHOD    FOR    DETERMINING    AND    COMPARING 

POWER  COSTS  IN  STEAM  PLANTS 
H.  G.  Stott  tad  W.  S.  Gorsach  Vol.  sczxii— 1911,  pp.  Itlt-lMl 

Detailed  analysis  of  cost  of  energy  production  with  a  view  to  classifying 
items  for  intelligent  comparison  of  one  plant  with  another.  Method  of 
allowing  for  differences  in  wages,  coal  cost  and  load  factor.  Suggested 
forms  for  tabulating  costs  and  depreciation. 

Discussion,  pages  1652-1683,  by  Messrs.  Henry  Floy,  Carl  Schwartz, 
William  McClellan,  C.  O.  Mailloux,  Peter  Junkersfeld,  D.  B.  Rushmore, 
L.  P.  Crecelius,  W.  G.  Carlton,  August  H.  Kruesi,  D.  C.  Jackson,  Ralph 
D.  Mershon,  P.  W.  Sothman,  H.  M.  Hobart,  W.S.  Gorsuch,  E.D.  Dreyfus, 
Charles  S.  Ruffner,  and  S.  D.  Sprong. 

General  remarks  on  methods  of  figuring  costs  and  depreciation.  Classifi- 
cation of  accounts  used  by  certain  large  corporations  and  societies. 
Methods  of  comparing  costs  of  production  in  different  plants.  ^-^  ^ 
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RELATION  OF  PLANT  SIZB  TO  POWER  COST 
P.  M.  Lincoln  VoL  zzxii— 1«U,  VP-  IMl-ltM 

Superficial  analysis  of  economic  advantages  of  electric  energy  produc- 
tion in  a  central  plant  as  compared  with  generation  of  energy  for  the  same 
purposes  in  a  number  of  small  isolated  plants,  regarded  from  the  stand- 
point of  first  cost,  operating  economy  and  load  characteristics. 

Discussion,  pages  1993-2004,  by  Messrs.  Harry  Archer  Hornor,  W.  C. 
L.  Eglin,  P.  V.  Stevens,  C.  O.  Mailloux,  M.  G.  Lloyd,  J.  P.  Jackson.  G. 
J.  Blum  and  P.  M.  Lincoln. 

Cases  where  isolated  plant  has  marked  advantage  over  central  station 
supply. 

FACTORS  DETERMINING  A  REASONABLE  CHARGE  FOR  PUBLIC  UTILITY 

SERVICE 
M.  B.  Cooley  Vol.  zxzii— 191S,  pp.  lOTT-lOM 

Clear  exposition  of  the  various  elements  that  enter  into  the  financing, 
organization,  operation  and  insurance  of  a  public  service  corporation  or 
utility,  tracing  the  steps  taken  and  expenses  incurred  from  its  inception 
to  its  completion. 

No  discussion. 


12.  PARALLEL  OPERATION 

OPERATION  OF  FREQUENCY  CHANGERS 
N.  E.  Funk  Vol.  nxii— 191S,  pp.  1T1S-17S0 

General  review  of  theory  of  parallel  operation  of  synchronous  fre- 
quency changers.  Detailed  description  of  method  of  synchronizing  with 
rotating  synchroscope  and  a  special  synchronizing  indicator.  Examples 
of  use  of  indicator. 

Discussion  (including  that  of  papers  by  H.  R.  Summerhayes  and  B.  G. 
Jamieson)  pages  1731-1736,  by  Messrs.  D.  B.  Rushmore,  F.  D.  Newbury, 
F.  C.  Caldwell,  Paul  M.  Lincoln,  H.  M.  Hobart.  Henry  W.  Peck,  S.  D. 
Sprong,  H.  R.  Summerhayes,  J.  C.  Lincoln,  D.  W.  Roper  and  N.  E.  Funk. 

General  remarks  on  the  advisability  of  running  machinery  unattended. 
Oil  pressure  for  facilitating  the  starting  of  large  machines. 


13.  TRANSMISSION  LINES 

OPERATION  OF  TRANSMISSION  LINES 
Lee  Hagood  Vol.  zzzii— 19U,  pp.  8M-«i 

Control  of  voltage  and  power  factor  in  medium  and  high-tension  trans' 
mission  lines  by  means  of  synchronous  machines.  Examples  showing 
methods  of  calculating  the  performance  of  the  system  and  demonstrating 
the  savings  and  improved  results  resulting  from  use  of  synchronous  ma- 
chines.    Performance  curves  given  for  each  transmission  system  discussed. 

Discussion,  pages  882-892,  by  Messrs.  Herbert  W.  Crozier,  Lee  Hagood, 
Robert  Sibley,  Professor  Cory,  L.  P.  Jorgensen,  J.  P.  Jollyman,  L.  N. 
Peart.  J.  P.  Francis,  R.  C.  Powell,  and  H.  Y.  Hall. 

General  remarks  on  use  of  synchronous  machines  for  transmission  line 
regulation.     Actual  experience  and  tests  from  systems  of  operation. 
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StrOGBSTBD   SPBCmCATIONS  FOR  TBSTINO   HIOH-VOLTAOB    SUSPBlfSION 

INSULATORS 
F.  W.  Peek,  Jr.  Vol.  zncii— if U,  pp.  14»-14tl 

Discussion  incorporated  with  that  of  paper  by  Percy  H.  Thomas  on 
"  Insulator  Testing  Specification  for  Insulators  Having  an  Operating 
Voltage  Exceeding  25,000  Volts." 

SUGGB8TBD  SPBCmCATIOirS  FOR  TBSTINO  HIOH-VOLTAOB  INSULATORS 
J.  A  Sendford,  Jr.  Vol.  zzxii— 191S,  pp.  14M-UT0 

Discussion  incorporated  with  that  of  paper  by  Percy  H.  Thomas  on 
**  Insulator  Testing  Specification  for  Insulators  Having  an  Operating 
Voltage  Exceeding  25,000  Volts." 

INSULATOR  TBSTINO  SPBCIFICATION  FOR  INSULATORS  HAVING  AN  OPBRA- 
TING  VOLTAGB  BXCBBDING  1«,000  VOLTS 
Percy  H.  Thomas  Vol.  zzzU->lPU,  pp.  UTl-UTf 

Discussion  (including  that  of  papers  by  Messrs.  F.  W.  Peek,  Jr.  and  J. 
A.  Sanford,  Jr..)  pages  1480-1508,  by  Messrs.  F,  W.  Peek,  Jr.,  J.  A. 
Sandford,  Jr.,  P.  H.  Thomas,  L.  C.  Nicholson,  H.  W.  Crozier,  H.  Koganei, 
M.  T.  Crawford,  C.  O.  Mailloux,  Paul  M.  Lincoln,  Hugh  T.  Wreaks,  E. 
E.  F.  Creighton,  Ralph  D.  Mershon,  E.  M.  Hewlett,  P.  W.  Sothman  and 
e.  P.  Scott. 

Criticisms  and  suggestions  for  specifications  for  the  design  and  testing 
of  insulators.  Effect  of  simultaneous  mechanical  and  electrical  stresses, 
tests. 

CONSTANT-VOLTAOB  TRANSMISSION 
H.  B.  Dwlfht  Vol.  mil— 19U,  pp.  IMi-lMS 

Comparison  of  transmission  line  operation  with  voltage  regulated  at  the 
generator  and  with  voltage  regtdated  at  both  generator  and  receiver. 
Analytical  discussion  of  advantages  and  disadvantages  of  synchronous 
condensers  and  numerical  examples  of  savings  in  100-mile  and  200-mile 
transmission  lines.     Results  plotted  as  curves. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "  Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

THBORT  OF  THB  NON-BLASTIC  AND  BLASTIC    CATBNART  AS    APPUBD    TO 

TRANSMISSION  LINBS 
C.  A.  Pierce.  F.  J  Adune  and  G.  I.  GUchrest  Vol.  zzziS^iPU,  pp.  INf-iiai 

Mathematical  development  of  catenary  curve  and  deduction  of  simple 
equations  for  practical  calculations.  Experimental  results  compared  with 
calculations  by  the  author's  method. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "  Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

THB  BLBCTRIC  STRENGTH  OF  AIR— IV 
J.  B.  Whitehead  and  T.  T.  Fhch  Vol.  mii—lf  U,  pp.  ITtT-ltU 

Description  of  tests  and  apparatus  and  discussion  of  results  of  a  series 
of  investigations  on  the  effects  of  pressure,  temperature  and  density  upon 
the  formation  of  corona.  Results  tabulated  and  plotted  as  curves  Re- 
view of  earlier  work  on  corona.  Application  of  ionization  theory  to  corona 
formation.     Bibliography  of  corona  and  dielectric  strength  of  air. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on  "  An 
Oscillograph  Study  of  Corona." 


Digitized  by 


Google 


44  SYNOPTICAL  INDEX 

LAW  OF  COROlf  A  AND  DtBLBCTSIC  STRBNGTH  OF  AIR— m 
F.  W.  Peek,  Jr.  VoL  zzzii->l«U.  pp.  ITtT-lTM 

Experimental  investigation  and  development  of  the  laws  of  corona 
formation  and  rupture  gradient  of  air  or  gas  including  effects  of  tempera- 
ture, density,  pressure  above  and  below  atmosphere,  spacing,  etc. 
Tests  on  rods  and  spheres.  Results  tabulated  and  plotted  as  curves. 
Equations  given  for  calculation  of  gradient  between  rods  and  between 
spheres.     Rupture  explained  both  by  critical  energy  and  by  ionization. 

Discussion  incorporated  with  that  of  paper  by  Edward  Bennett  on 
"An  Oscillograph  Study  of  Corona." 

AN  OSCILLOGRAPH  STUDY  OF  CORONA 
Bdwird  Bennett  VoL  xzzii— ItlS,  pp.  ITOT-lMt 

Experimental  investigation  of  corona  by  means  of  oscillographs  of 
the  charging  current  to  a  conductor  producing  corona.  Description  of 
method  and  apparatus  for  making  the  oscillograms.  Oscillograms  of 
charging  current  over  a  range  of  e.m.f.  above  and  below  corona  e.m.f. 
with  a  detailed  study  and  searching  analysis  of  each  curve. 

Discussion t  (including  that  of  papers  by  Messrs.  J.  B.  Whitehead  and 
T.  T.  Fitch,  W.  W.  Strong,  and  P.  W.  Peek,  Jr.)  pages  1810-1828.  by 
Messrs.  C.  F.  Scott,  L.  T.  Robinson,  J.  B.  Whitehead,  Alan  E.  Flowers, 
P.  W.  Peek,  Jr.,  J.  B.  Taylor.  W.  H.  Pratt,  P.  M.  Lincoln.  Edward 
Bennett,  William  J.  Hammer,  and  Harris  J.  Ryan. 

General  remarks  on  corona — investigations  and  experiences.  Use  of 
corona  for  e.m.f.  measurement.  Measurement  of  e.m.f.  independent 
of  frequency.  D-c.  corona.     Effect  of  frequency  upon  corona  losses. 

EFFECTS  OF  ICE  LOADING  ON  TRANSMISSION  LINES 
V.  H.  Greiuer  Vol.  xxxii— 191S,  pp.  lSM-1844 

Account  of  actual  experience  with  ice  coatings  and  experimental  in- 
vestigation with  artificial  loads  similar  in  magnitude  and  distribution  to 
those  observed  in  actual  service  on  a  suspension  insulator  line  of  the 
Washington  Water  Power  Company,  Spokane.  Sags  and  rises  plotted 
as  curves  for  different  loadings.  Suggested  construction  to  prevent 
damage  and  short-circuits. 

No  discussion.* 


16.  DISTRIBUTION  SYSTEMS 

CHARACTERISTICS  OF  SUBSTATION  LOADS  AT  THE  ANTHRACITE  COLLIERIES 

OF  THE  LACKAWANNA  R.  R.  CO. 
H.  M.  Warren  and  A.  S.  Biesecker  Vol.  xzzii— 191S,  pp.  liOS-llM 

Description  of  tests  with  results  on  15  mine  substations.  Load  curves 
and  load  factors. 

Discussion  (including  that  of  paper  by  J.  S.  Jenks)  pages  1110-1119. 
by  Messrs.  Graham  Bright,  W.  A.  Thomas,  J.  Patd  Clayton,  George  R. 
Wood,  H.  M.  Warren,  George  H.  Morse,  C.  W.  PenDell,  P.  M.  Lincoln. 
Sidney  G.  Vigo,  C.  I.  Weaver,  and  T.  E.  Tynes. 

General  remarks  on  rates  and  methods  of  charging  for  central  station 
energy.     Definition  of  load  factor  and  effect  on  rates. 
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TRUNK  LINB  BLBCTRITICATIOlf 
CtaATles  P.  Kahler  Vol.  xzzai— 19U,  pp.  il8«-lSl« 

Detailed  and  comprehensive  analysis  of  the  economics  of  railroad 
electrification  with  well  digested  data  from  actual  practice.  Example 
of  heavy  electrification  worked  out  and  all  items  tabvdated  for  easy 
reference  and  results  derived  which  determine  the  actual  return  on  the 
investment,  everything  taken  into  consideration.  Effect  of  substi- 
tution of  electric  motive  power  for  steam  upon  railroad  operation.  Com- 
parative cost  of  operation  by  steam  and  electricity. 

Discussion  (including  that  of  paper  by  H.  M.  Hobart),  pages  1227- 
1260,  by  Messrs.  A.  H.  Armstrong,  F.  E.  Wynne,  George  Hill,  W.  S.  Mur- 
ray, A.  H.  Babcock,  H.  Y.  Hall  and  G.  W.  Welsh,  F.  W.  Carter,  F.  C. 
Merriell,  H.  F.  Parshall,  Charles  P.  Kahler,  Roger  T.  Smith  and  H.  M, 
Hobart. 

General  remarks  on  the  economics  of  railroad  electrification.  D-c. 
vs.  a-c.  electrification.  Possibilities  of  mercury  rectifiers  in  railroad 
work.  Comparison  of  steam  and  electric  locomotives  for  a  given  service. 
Cost  of  distribution  system  and  steam  and  electric  locomotives.  Cost 
data  and  other  assumptions  used  for  comparing  steam  with  electricity 
given  in  full. 

THEORY  OF  THE  NON-BLASTIC  AND  BLASTIC  CATBNART  AS  APPUBD  TO 

TRANSMISSION  LINB8 
C.  A.  Pierce.  F.  J.  Adams  and  G.  I.  GUcbrest  Vol.  zzzii— 1»U,  p^  IMS-lMi 

Mathematical  development  of  catenary  curve  and  deduction  of  simple 
equations  for  practical  calculations.  Experimental  results  compared 
with  calculations  by  the  author's  method. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "Elec- 
trical Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

AUTOMATIC  SUBSTATIONS 
H.  R.  Snmmerhayes  Vol.  mU— 19U,  pp.  16M-UM 

Brief  review  of  well-known  applications  of  remote  control  of  electrical 
apparatus  and  machinery.  Description  of  remote  controlled  synchron- 
ous converter  substation  of  Detroit  Edison  Company — installation, 
operation  and  protection. 

Discussion  incorporated  with  that  of  paper  by  N.  E.  Funk  on  "Opera- 
tion of  Frequency   Changers." 

CONVERTING  SUBSTATIONS  IN  BASEMENTS  AND  SUB-BASEMENTS 
B.  G.  Jamieson  Vol.  mU— 1»U»  pp.  UM-lTll 

Discus^on  of  difficulties  encountered  in  the  construction  and  opera- 
tion of  tmdergrotmd  converter  and  battery  substations  based  on  experi- 
ence in  Chicago.  Methods  of  construction  and  suggestions  for  improved 
apparatus. 

Discussion  incorporated  with  that  of  paper  by  N.  E.  Ftmk  on  "Opera- 
tion of  Frequency  Changers." 

A  MODERN  SUBSTATION  IN  THE  COEUR  D'ALENE  MINING  DISTRICT 
John  B.  Fisken  Vol.  soli— IPU,  pp.  1M1-19M 

Description  of  construction  and  equipment  of  a  portable  or  "take- 
down" substation  for  mountainous  districts.  Description  of  water 
relay  for  transformer  protection.     Cost  of  construction  and  operation. 
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Discussion,  pages  1903-1912,  by  Messrs.  W.  V.  Hunt,  Frederick  D. 
Nixns,  W.  Fraser,  C.  F.  Terrell,  L.  G.  Robinson,  J.  A.  Lighthipe,  A.  A. 
Miller,  R.  W.  Pope,  R.  F.  Hayward,  V.  Karapetoff  and  John  B.  Fisken. 

General  remarks  on  construction,  equipment  and  operation  of  portable 
and  automatic  substations. 

Xin>nSTRIAL  SUBSTATIONS 
H.  P.  LiTKtidf  e  Vol.  zzzii— 1»U.  99.  UM-19T4 

Outline  of  development  of  the  substation  as  a  part  of  the  distribution 
system.  Brief  description  of  a  series  of  industrial  substations  with  cir- 
cuit diagrams  and  layouts,  dwelling  upon  the  important  characteristics 
of  design  and  general  construction. 

Discussion,  pages  1975-1979,  by  Messrs.  W.  C.  L.  Eglin,  P.  M.  Lincoln, 
John  Mathews,  G.  W.  Brooks,  P.  V.  Stephens,  Charles  Penrose,  Harold 
Goodwin,  Jr.,  and  H.  P.  Liversidge. 

General  comments  upon  substation  design. 

16.  CONTROL,  REGULATION  AND  SWITCHING 

RATING  OF  OIL  CIRCUIT  BREAKERS  WITH  RBFBRSNCB  TO  RTTPTURIHO 

CAPACITY 
George  A.  BarahAm  Vol.  nzli— Itit,  pp.  Ttl-TSl 

Suggestions  for  Standard  Committee. 
Discussion  under  Group  IV. 

DISCnSSION  GROUP  IV  PAPERS 

pp.Ttl-M4 
Miscellanooos  Sabjeett  ReUtiiic  to^  Rating 

(a)  Oil  Switches 

Rating  of  Oil  Circuit  Breakers  with  reference  to  Rupturing  Capacity, 
by  G.  A.  Bumham. 

(b)  Spark  Gap 

The  Sphere  Spark  Gap,  by  S.  W.  Pamsworth  and  C.  Fortescue. 
The  Calibration  of  the  Sphere-Gap  Voltmeter,  by  L.  W.   Chubb  and 
C.  Fortescue. 

(c)  Wave  Form 

Potential  Waves  of  A-C.  Generators,  by  W.  J.  Foster. 

Wave  Form  Distortions  and  Their  Effect  on  Electrical  Apparatus,  by 

P.  M.  Lincoln. 
A  Proposed  Wave  Shape  Standard,  by  Cassius  M.  Davis. 

(d)  Regulaion 

The  Experimental  Determination  of  the  Regulation  of  Alternators,  by 

A.  B.  Field. 
Regulation  of  Definite  Pole  Alternators,  by  Soren  H.  Mortensen. 
Generator  and  Prime  Mover  Capacities,  by  David  B.  Rushmore  and 
E.  A.  Lof . 
Discussion,  pages  S07-854,  by  Messrs.  Paul  M.  Linc<^n,  M.  G.  Lloyd, 
P.  D.  Newbury,  Ford  W.  Harris,  Chester  Lichtenberg.  F.  W.  Peek,  Jr., 
C.  £.  Skinner,  J.  A.  Sandford,  Jr.,  Comfort  A.  Adams,  L.  W.  Chubb, 
Percy  H.  Thomas,  C.  Fortescue,  M.  W.  Franklin,  Charles  P.  Steinmets, 
J.  B.  Whitehead,  F.  M.  Farmer  and  E.  D.  Doyle,  B.  G.  Lamme,  A.  B. 
Kennelly,  Charles  F.  Scott,  L.  T.  Robinson,  Taylor  Reed,  Cassius  M. 
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Davis,  S.  S.  Seyfert,  Alexander  Gray,  Prank  T.  Leilich,  L.  L.  Waters, 
George  Smith,  C.  J.  Pechheimer  and  Leo  Schuler. 

General  remarks,  criticisms  and  suggestions.  Test  data,  calibration 
curves  and  laws  of  sphere-gap  voltmeter.  Wave-form  measurement, 
test  data.  Calculation  of  alternator  regulation  and  description  of 
method. 

OPBRATION  OF  TRANSMISSION  LINKS 
Lee  Hagood  VoL  nzU— itll,  VP-  8M-«81 

Control  of  voltage  and  power  factor  in  medium  and  high-tension  trans- 
mission lines  by  means  of  synchronous  machines.  Examples  showing 
methods  of  calculating  the  performance  of  the  system  and  demonstrating 
the  savings  and  improved  service  resulting  from  use  of  synchronous  ma- 
chines. Performance  curves  given  for  each  transmission  system  dis- 
cussed. 

Discussion,  pages  882-892,  by  Messrs.  Herbert  W.  Crozier,  LeeHagood. 
Robert  Sibley,  Professor  Cory,  L.  P.  Jorgensen,  J.  P.  Jollyman,  L.  N. 
Peart,  J.  P.  Francis,  R.  C.  Powell,  and  H.  Y.  Hall. 

General  remarks  on  use  of  synchronous  machines  for  transmission  line 
regulation.     Actual  experience  and  test  from  systems  of  operation. 

SAFBGUAItDING  THE  USB  OF  BLBCTRICITT  IN  MINBS 
H.  H.  Clark  Vol.  zzxii— i«U,  pp.  lOM-lOtt 

Analysis  of  accidents  caused  by  electricity  and  the  factors  that  deter- 
mine the  risk.  Directions  for  reducing  and  preventing  such  accidents. 
Effect  of  electrical  operation  in  reducing  the  usual  run  of  accidents  in  mines. 

Discussion,  pages  1063-1071,  by  Messrs.  C.  A.  Lauffer,  J.  S.  Jenks. 
Ralph  D.  Mershon,  George  R.  Wood,  Graham  Bright,  W.  E.  Dickinson, 
Wilfred  Sykes,  L.  R.  Palmer  and  Harold  H.  Clark. 

General  remarks  on  electrical  accidents  in  mines.  Directions  for 
resuscitation  by  the  Schafer  prone  pressure  method.  Statistics  on  mine 
accidents. 

CON8TAHT-VOLTAOB  TRANSMISSION 
H.  B.  Dwlfht  VoL  mii— 1»U.  pp.  UO-lMt 

Comparison  of  transmission  line  operation  with  voltage  regulated  at  the 
generator  and  with  voltage  regulated  at  both  generator  and  receiver. 
Analytical  discussion  of  advantages  and  disadvantages  of  synchronous 
condensers  and  numerical  examples  of  savings  in  100-mile  and  200-mile 
transmission  lines.     Results  plotted  as  curves. 

Discussion  incorporated  with  that  of  paper  by  C.  A.  Kelsey  on  "  Electri- 
cal Requirements  of  Certain  Machines  in  the  Rubber  Industry." 

AUTOMATIC  SUBSTATIONS 
H.  R.  Siimmer]M7M  VoL  znii— 1»U,  pp.  IStl-UM 

Brief  review  of  well-known  applications  of  remote  control  of  electrical 
apparatus  and  machinery.  Description  of  remote  controlled  synchronous 
converter  substation  of  Detroit  Edison  Company — installation,  operation 
and  protection. 

Discussion  incorporated  with  that  of  paper  by  N.  E.  Funk  on  '*  Opera- 
tion of  Frequency  Changers." 
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A  MODBRN  SUBSTATION  III  THB  COBUR  D'ALBNB  MllflirO  DISTBICT 
John  B.  Fisken  VoL  ndi— 19U,  pp.  IMl-lMI 

Description  of  construction  and  equipment  of  a  portable  or  "  take- 
down "  substation  for  mountainous  districts.  Description  of  water  relay 
for  transformer  protection.     Cost  of  construction  and  operation. 

Discussion,  pages  1903-1912,  by  Messrs.  W.  V.  Hunt,  Frederick  D. 
Nims.  W.  Fraser,  C.  F.  Terrill,  L.  G.  Robinson,  J.  A.  Lighthipc,  A.  A. 
Miller,  R.  W.  Pope,  R.  F.  Hayward,  V.  Karapetoff  and  John  B.  Fisken. 

General  remarks  on  construction,  equipment  and  operation  of  portable 
and  automatic  substations. 

17.  TRACTION 

t40a-VOLT  RAILWAY  BLBCTRIFICATIOlf 
H.  M.  Hobart  Vol.  zzzii— 1»U,  pp.  UM-UM 

Comparison  of  the  cost  of  operation  of  high-tension  electric  systems 
with  steam.  Numerical  examples  worked  out  in  detail  for  various  classes 
of  railroad  service  and  restdts  discussed.  Methods  of  calculation  given 
and  results  tabulated. 

Discussion  incorporated  with  that  of  paper  by  Charles  P.  Kahler  on 
«•  Trunk  Line  Electrification." 

TRUNK  LINB  BLBCTRIFICATION 
Chtf  Us  P.  Kahler  VoL  zsdi— 1»U.  pp.  lltt-itM 

Detailed  and  comprehensive  analysis  of  the  economics  of  railroad  dec- 
trification  with  well  digested  data  from  actual  practice.  Example  of 
heavy  electrification  worked  out  and  all  items  tabulated  for  easy  reference 
and  results  derived  which  determine  the  actual  return  on  the  investment. 
Everything  taken  into  consideration.  Effect  of  substitution  of  electric 
motive  power  for  steam  upon  railroad  operation.  Comparative  cost  of 
operation  by  steam  and  electricity. 

Discussion  (including  that  of  paper  by  H.  M.  Hobart),  pages  1227-1260, 
by  Messrs.  A.  H.  Armstrong,  F.  E.  Wynne,  George  Hill,  W.  S.  Murray, 
A.  H.  Babcock.  H.  Y.  Hall  and  G.  W.  Welsh,  F.  W.  Carter,  F.  C.  MerrieU. 
H.  F.  Parshall.  Charles  P.  Kahler,  Roger  T.  Smith  and  H.  M.  Hobart. 

General  remarks  on  the  economics  of  railroad  electrification.  D-c.  vs. 
a-c.  electrification.  Possibilities  of  mercury  rectifiers  in  railroad  work. 
Comparison  of  steam  and  electric  locomotives  for  a  given  service.  Cost  of 
distribution  system  and  steam  and  electric  locomotives.  Cost  data  and 
other  assumptions  used  for  comparing  steam  with  electricity  given  in  full. 

BLBCTROLTTIC  CORROSION  OF  IROH  IN  SOILS 
Burton  McCottnm  and  K.  H.  Lofin  VoL  zzzii— 1»U,  pp.  iS4B-i4M 

Experimental  investigation  of  electrolysis  of  iron  in  soil  from  various 
cities  taking  up  each  variable  factor  separately  and  determining  its  in- 
fluence upon  corrosion.  Effect  of  current  density,  moisture,  temperature, 
depth  of  burial,  oxygen,  kind  of  iron,  chemicals  in  soil,  etc.  upon  corro- 
sion efficiency.  Experimental  study  of  earth  resistance  and  the  factors 
that  affect  it.     Detailed  description  of  tests  and  tabulation  of  results. 

Discussion,  pages  1404-1412,  by  Messrs.  J.  L.  R.  Hay  den,  Alexander 
Maxwell,  D.  C.  Jackson,  Hugh  T.  Wreaks,  Harold  V.  Bosell,  Harry 
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Barker,  F.  C.  Caldwell,  J.  C.  Lincoln,  Henry  G.  Stott,  Albert  P.  Ganz, 
and  Burton  McCollum. 

General  remarks  on  electrolysis  from  street  railway  currents  and  its 
prevention. 

MOUlf  TAIIY  RiULWAY  ELECTRIFICATION 
AU«n  H.  Babcock  Vol.  izadi— i«U,  pp.  Utf-UTt 

Detailed  description  of  a  report  on  the  problem  of  electrification  going 
very  thoroughly  into  the  question  of  construction  and  operation  costs 
for  the  electric  system  and  the  corresponding  cost  for  steam.  Assump- 
tions and  methods  of  estimates  fully  given.  Complete  cost  figures  in 
tabular  form.  Study  of  economical  spacing  of  substations  with  results 
plotted  as  curves. 

No  discussion. 

18.  LIGHTING  AND  LAMPS 

TUN GSTBlf  LAMPS  OF  HIGH  BFFICIBlfCY 
Irring  Ungmuir  VoL  mU^ltlS,  pp.  19U-19II 

Experimental  investigation  of  the  causes  of  blackening.  Detailed 
analysis  of  the  various  elements  of  the  lamp  as  sources  of  gas  and  descrip- 
tion of  the  effect  of  the  various  gases  upon  the  performance  of  the  lamp. 
Development  of  preventative  measures. 

Discussion  incorporated  with  that  of  paper  by  Messrs.  Irving  Langmuir 
and  J.  A.  Orange  on  "  Tungsten  Lamps  of  High  Efficiency." 

TUNGSTEN  LAMPS  OF  HIGH  EFFICIENCY 
Irving  Ungmnir  mnd  J.  A.  Orange  Vol.  jcodt- 191S,  pp.  IMI-IMC 

Description  of  design,  construction  and  performance  of  nitrogen-fiUed 
lamps. 

Discussion  (including  that  of  paper  by  Irving  Langmuir)  pages  1947-1964, 
by  Messrs.  John  B.  Taylor,  John  W.  Howell,  Farley  Osgood,  J.  E.  Randall. 
William  McClellan,  Irving  Langmuir,  John  W.  Lieb,  Jr.,  M.  G.  Lloyd, 
and  H.  M.  Pales. 

Blackening  of  lamps.  Advantages  of  nitrogen  lamp  in  projection 
lantern  work.  Relative  economy  of  incandescent  lamps  on  basis  of  fila- 
ment temperature. 

DYNAMO  ELECTRIC  LIGHTING  FOR  MOTOR  CARS 
Alfred  E.  WaUer  Vol.  zzzU— 19U,  pp.  SOtS-tWt 

Consideration  of  some  of  the  most  important  factors  in  the  design  of 
lighting  equipment  for  motor  cars.  Brief  description  of  different  mechani- 
cal and  electrical  methods  of  controlling  the  output  of  the  generator. 
More  detailed  description  of  a  certain  system  using  a  shunt  generator  with 
a  Tirrill  regulator  method  of  control. 

Discussion  incorporated  with  that  of  paper  by  Prank  Conrad  on  "  Elec- 
trical Equipment  of  Gasoline  Automobiles." 

ADVANTAGES    OF    CLUTCH    TYPE    GENERATOR   AND    SEPARATE    STARTING 

AND  LIGHTING  UNITS  FOR  MOTOR  CARS 
Alexander  Churchward  VoL  zsdi— 1»U,  pp.  tOIT-t041 

Advantages  of  constant-speed  generator  for  battery  charging  and  series 
motor  for  starting.     Performance  curves  for  battery  charging  and  light- 


Digitized  by 


Google 


60  SYNOPTICAL  INDEX 

ing  under  various  conditions  of  car  speed  and  battery  charge  for  constant- 
speed  generator.     Also  performance  curves  for  variable-speed  generators. 
Discussion  incorporated  with  that  of  paper  by  Prank  Conrad  on  "  Elec- 
trical Equipment  of  Gasoline  AutomobUes." 

BLBCTIUCAL  BQUIPMBHT  OF  OASOLINB  AUTOMOBILBS 
Frank  Conrad  Vol.  JCodt—l%U,  9P.  iOtt  Mil 

Description  of  constant-current  generator  system  for  ignition,  light- 
ing and  starting.  Description  of  ignition  device,  designed  to  vary 
angular  time  of  contact  with  speed.  Oscillograms  of  ignition  current 
and  curves  of  4  and  6-cylinder  motor  torque. 

Discussion  (including  that  of  papers  by  Alfred  E.  Waller  and  Alexander 
Churchward),  pages  2052-2075,  by  Messrs.  H.  Ward  Leonard,  Leonard 
Kebler,  Almon  W.  Copley,  A.  D.  T.  Libby,  Harold  Goodwin,  Jr..  C.  E. 
Wilson,  Benjamin  P.  Bailey,  Kingston  Porbes,  Alexander  Churchward, 
Alfred  E.  Waller,  Frank  Conrad,  Alden  L.  McMurtry,  Frederick  S. 
Dellenbaugh,  Jr.  and  John  R.  King. 

Relative  merits  of  constant-speed  and  variable-speed  generators  for 
motor  car  operation.  Tests  of  efficiency  of  slipping  clutch  and  bucking 
series  coil.  Relative  advantages  of  various  car  wiring  systems.  Rosen- 
berg dynamo  for  variable  speed  lighting. 

20.  MISCELLANEOUS  APPLICATIONS  OF  ELECTRICITY 

PURCHASED  POWBR  IN  COAL  MINBS 
H.  C.  Bddy  Vol.  mii— 1»U,  pp.  IMt-iOM 

Brief  analysis  of  the  advantages  of  central  station  supply  over  isolated 
plant. 

Discussion  incorporated  with  that  of  paper  by  C.  W.  Beers  on  "Central 
Station  Power  for  Coal  Mines." 

CBNTRAL  STATION  POWBR  FOR  COAL  MINBS 
C.  W.  Been  Vol.  zsdi— 1»U,  pp.  lOU-lMS 

Advantages  of  central  station  supply  from  the  coal  miner's  point  of 
view.  Analysis  of  fixed  charges  and  operating  costs  for  isolated  mine 
power  plant.  Outline  of  power  contract  between  central  station  com- 
pany and  coal  mining  company. 

Discussion  (including  that  of  paper  by  H.  C.  Eddy),  pages  1046-1053, 
by  Messrs.  K.  A.  Pauly,  George  H.  Morse,  E.  D.  Dreyfus,  T.  E.  Tyncs. 
W.  Partridge,  W.  E.  Dickinson,  H.  C.  Eddy,  George  R.  Wood  and  C. 
W.  Beers. 

General  remarks  on  the  purchase  of  central  station  energy  for  coal 
mines.     Load  factors  and  cost. 

SAFBGUARDING  THB  USB  OF  BLBCTRICITT  IN  MINBS 
H.  H.  Clark  Vol.  JCDdt- 1»U,  p».  lOU-lMl 

Analysis  of  accidents  caused  by  electricity  and  the  factors  that  deter- 
mine the  risk.  Directions  for  reducing  and  preventing  such  accidents. 
Effect  of  electrical  operation  in  reducing  the  usual  run  of  accidents  in 
mines 

Discussion,  pages  1063-1071,  by  Messrs.  C.  A.  Lauffer,  J.  S.  Jenks, 
Ralph  D.  Mershon,  George  R.  Wood,  Graham  Bright,  W.  B.  Dickinson, 
Wilfred  Sykes,  L.  R.  Palmer  and  Harold  H.  Clark. 
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General  remarks  on  electrical  accidents  in  mines.  Directions  for 
resuscitation  by  the  Schafer  prone  pressure  method.  Statist.' C3  on 
mine  accidents. 

ALTBRNATINO-CURRENT    MOTORS    FOR    THE    ECONOMIC    OPERATION    OF 

MINE  FANS 
P.  B.  Crosby  Vol.  zxrii— itiS,  pp.  lOTS-lOSt 

Brief  review  of  methods  of  varying  speed  of  induction  motors  with 
special  reference  to  regulating  sets  and  com  mutating  machines.  Effi- 
ciency curves  for  different  methods. 

Discussion,  pages  1087-1096.  by  Messrs.  C.  W.  Beers,  Wilfred  Sykes, 
George  R.  Wood,  H.  C.  Eddy,  Graham  Bright,  H.  Meyer- Delius,  W.  O. 
E   Schumann,  B.  M.  Fast,  H.  L.  Beach,  and  F.  B.  Crosby. 

General  remarks  on  operation  of  mine  fans  and  the  use  of  regulator 
commutating  machines  w  th  induction  motors. 

CENTRAL  STATION  POWER  FOR  MINES 
J.  S.  Jenks  Vol.  xzzii— ItiS,  pp.  lOfT-llOt 

Brief  outline  of  development  of  supply  of  electric  energy  for  m  nes  by 
the  West  Penn  system,  describing  the  equipment,  troubles  encountered 
and  how  they  were  overcome. 

Discussion  incorporated  with  that  of  paper  by  Messrs.  H.  M.  Warren 
and  A.  S.  Biesecker  on  "Characteristics  of  Substation  Loads  at  the 
Anthracite  Collieries  of  the  Lackawanna  R.  R.  Co." 

CHARACTERISTICS  OF  SUBSTATIONS  LOAD  AT  THE  ANTHRACITE  COLLIERIES 

OF  THE  LACKAWANNA  R.  R.  CO. 
H.  M.  Warren  and  A.  S.  Biesecker  Vol.  zxzii— ItiS,  pp.  ilOS-llOt 

Description  of  tests  with  results  on  15  mine  substations.  Load  curves 
and  load  factors. 

Discussion  (including  that  of  paper  by  J.  S.  Jenks)  pages  1110-1119, 
by  Messrs.  Graham  Bright,  W.  A.  Thomas,  J.  Paul  Clayton,  George  R, 
Wood,  H.  H.  Warren,  George  H.  Morse,  C.  W.  PenDell.  P.  M.  Lincoln, 
Sidney  G.  Vigo.  C.  I.  Weaver,  and  T.  E.  Tynes. 

General  remarks  on  rates  and  methods  of  charging  for  central  station 
energy.     Definition  of  load  factor  and  effect  on  rates. 

MINING  LOADS  FOR  CENTRAL  STATIONS 
Wilfred  Syket  and  Graham  Bright  Vol.  xnil— 191S,  pp.  llll-liSt 

Classification  of  mining  service  and  analytical  discussion  of  power 
requirements  and  load  characteristics  of  each  type  of  service.  Outline 
and  discussion  of  various  methods  of  charging  for  and  measuring  central 
station  service.     Suggestions  for  contracts. 

Discussion,  pages  1137-1147,  by  Messrs.  P.  M.  Lincoln,  Sidney  G. 
Vigo,  Theodore  Swann,  H.  C.  Eddy,  and  Graham  Bright. 

General  remarks  on  methods  of  charging  for  central  station  service 
with  illustrations  from  actual  practice  of  large  companies. 

ELECTRICAL  REQUIREMENTS  OF  CERTAIN  MACHINES  IN  THE  RUBBER 

INDUSTRY 
C.  A.  Kelaey  Vol.  zsdi— 191S,  pp.  IBM-lMt 

Brief  description  of  some  of  the  principal  machines  in  the  rubber  mill 
and  their  power  requirements. 
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Discussion  (including  that  of  papers  by  P.  D.  Newbury,  Harold  £. 
Stokes,  H.  B.  Dwight,  John  C.  Parker  and  Messrs.  C.  A.  Pierce,  F.  J. 
Adams  and  G.  I.  Gilchrest),  pages  1589-1618,  by  Messrs.  William  J. 
Poster,  August  H.  Kruesi,  P.  D.  Newbury,  H.  M.  Hobart,  J.  M.  Hippie, 
H.  E  Stokes,  R.  B.  Williamson,  Lee  Hagood,  N.  E.  Punk,  M.  T. 
Crawford,  Henry  W.  Peck,  P.  C.  Caldwell,  Burton  McCollum,  H.  B. 
Dwight,  J.  C.  Lincoln.  M.  O.  Dell  Plain,  C.  P.  Steinmetz,  W.  L.  Merrill. 
H.  H.  Dewey,  J.  H.  Wilson  and  C.  J.  Pechheimer. 

General  remarks  on  the  use  and  characteristics  of  the  synchronous 
motor.  Performance  of  self-starting  synchronous  motors — experience 
and  tests.  Salient  pole  vs.  round  type.  Value  of  power-factor  regula- 
tion. 

DYNAMO  BLBCTRIC  LIGHTING  FOR  MOTOR  CARS 
Alfred  B.  WaUw  Vol.  zzxii— 191S.  pp.  MSS-tOM 

Consideration  of  some  of  the  most  important  factors  in  the  design  of 
lighting  equipment  for  motor  cars.  Brief  description  of  different  me- 
chanical and  electrical  methods  of  controlling  the  output  of  the  generator. 
More  detailed  description  of  a  certain  system  using  a  shunt  generator 
with  a  Tirrill  regulator  method  of  control. 

Discussion  incorporated  with  that  of  paper  by  Prank  Conrad  on 
"Electrical  Equipment  of  Gasoline  Automobiles." 

ADVANTAGBS   OP    CLUTCH   TTPB    GBNBRATOR   AND    SBPARATB    STARTING 

AND  LIGHTING  UNITS  FOR  MOTOR  CARS 
Alexander  Chttrchward  Vol.  zxxii— 1911,  pp.  1017-1041 

Advantages  of  constant-speed  generator  for  battery  charging  and 
series  motor  for  starting.  Performance  curves  for  battery  charging  and 
lighting  under  various  conditions  of  car  speed  and  battery  charge  for 
constant-speed  generator.  Also  performance  curves  for  variable-speed 
generators. 

Discussion  incorporated  with  that  of  paper  by  Prank  Conrad  on 
"Electr'cal   Equipment   of  Gasoline   Automobiles." 

BLBCTRICAL  BQUIPMBNT  OF  GASOLINB  AUTOMOBILBS 
Frank  Conrad  Vol.  zzzii— UU,  pp.  lOtt-MM 

Description  of  constant-current  generator  system  for  ignition,  lighting 
and  starting.  Description  of  ignition  device,  designed  to  vary  angular 
time  of  contact  with  speed.  Oscillograms  of  ignition  current  and  curves 
of  4  and  6-cyclinder  motor  torque. 

Discussion  (including  that  of  papers  by  Alfred  E.  Waller  and  Alexander 
Churchward),  pages  2052-2075,  by  Messrs.  H.  Ward  Leonard,  Leonard 
Kebler,  Almon  W.  Copley,  A.  D.  T.  Libby,  Harold  Goodwin,  Jr.,  C.  E. 
Wilson,  Benjamin  P.  Bailey,  Kingston  Porbes,  Alexander  Churchward, 
Alfred  E.  Waller,  Prank  Conrad,  Alden  L.  McMurtry,  Prederick  S.  Del- 
lenbaugh,  Jr.,  and  John  R.  King. 

Relative  merits  of  constant-speed  and  variable-speed  generators  for 
motor  car  operation.  Tests  of  efficiency  of  slipping  clutch  and  buck- 
ing series  coil.  Relative  advantages  of  various  car  wiring  systems. 
Rosenberg  dynamo  for  variable  speed  lighting. 
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21.  TELEPHONY  AND  TELEGRAPHY 

TEST  OF  AN  ARTIFICIAL  AERIAL  TBLEPHONB  LINE  AT  A  FREQUENCY  OF  TM 

CYCLES  PER  SECOND 
A.  E.  KenaeUy  and  F.  W.  Lieberknecht  Vol.  zoii^ltU,  pp.  iSM-UM 

Detailed  description  and  a  series  of  tests  on  a  very  long  artificial  tele- 
phone line.  E.m.f.  and  current  being  measured  both  as  to  phase  and  am- 
plitude. Results  tabulated  and  plotted  as  vector  diagrams.  Biblio- 
graphy of  articles  of  measurement  on  artificial  telephone  lines  and  allied 
topics. 

Discussion  incorporated  with  that  of  paper  by  Messrs.  H.  M.  Friendly 
and  A.  E.  Burns  on  *'  Automatic  Methods  in  Long  Distance  Telephone 
Operation." 

AUTOMATIC  METHODS  IN  LONG  DISTANCE  TELEPHONE  OPERATION 
H.  M  Friendly  and  A.  E.  Barns  Vol.  zzzU— 191S,  pp  IMW-USt 

Description  of  equipment  and  operation  of  long  distance  automatic 
system  of  the  Northwestern  Long  Distance  Telephone  Company. 

Discussion  (including  that  of  paper  by  Messrs.  A.  E.  Kennelly  and  F.  W. 
Lieberknecht),  pages  1333-1334,  by  Messrs.  F.  K.  Vreelnad,  E.  H.  Col- 
pitts,  D.  C.  Jackson,  George  A.  Campbell,  R.  S.  Brown,  J.  B.  Taylor,  H. 
M.  Friendly  and  Oberlin  Smith. 

Telephone  line  calculations.  Definitions  of  iterative  impedance  and 
propagation  constants.     Use  of  integraph  in  solving  equations. 

THE  GULF  OF  GEORGIA  SUBMARINE  TELEPHONE  CABLE 
E.  P.  UBeUe  and  L.  P.  Crim  Vol.  ndi— itiS,  pp.  UTT-1889 

Specifications  for  submarine  cable  load  by  Krarup  system.  Account  of 
laying,  splicing,  locating  faults,  etc.  Krarup  continuous  system  compared 
with  the  Pupin  coil  system  of  loading. 

No  discussion. 

22.  MISCELLANEOUS  TOPICS  AND  INSTITUTE  AFFAIRS 

SAFEGUARDING  THE  USE  OF  ELECTRICITY  IN  MINES 
H.  H.  CUrk  Vol.  zzzU— 191S,  pp.  10M-106t 

Analysis  of  accidents  caused  by  electricity  and  the  factors  that  deter- 
mine the  risk.  Directions  for  reducing  and  preventing  such  accidents. 
Effect  of  electrical  operation  in  reducing  the  usual  run  of  accidents  in 
mines. 

Discussion,  pages  1063-1071,  by  Messrs.  C.  A.  Lauffer,  J.  S.  Jenks, 
Ralph  D.  Mershon,  George  R.  Woods,  Graham  Bright,  W.  E.  Dickinson, 
Wilfred  Sykes,  L.  R.  Palmer  and  Harold  H.  Clark. 

General  remarks  on  electrical  accidents  in  mines.  Directions  for  resus- 
citation by  the  Schafer  prone  pressure  method.  Statistics  on  mine  acci- 
dents. 

SOME  ASPECTS  OF  INSTITUTE  AFFAIRS 

IPtetident's    Address] 

Rdlph  D.  Merthon  Vol.  mii— 1913.  pp.  lUl-lt70 

Criticisms  of  certain  past  practices  and  tendencies  in  the  conduct  of  In- 
stitute affairs  and  suggestions  for  improvement  by  interestin;;  a  greater 
number  of  the  membership  at  large  in  the  oganization  and  its  work. 

No  discussion. 
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A  SUGGESTION  FOR  THE  ENGINEERING  PROFESSION 
WiUiam  McCleUan  Vol.  nxii— 1»U,  pp.  1ST1-UT4 

Outline  of  a  plan  for  merging  all  engineering  societies  into  a  federation 
with  a  pro-rata  representation  in  the  Government  of  a  body  devoted  to 
general  engineering  of  the  broadest  kind.  Character  of  membership  and 
scope  of  such  a  society  briefly  suggested. 

Discussion  pages  1275-1281,  by  Messrs.  C.  O.  Mailloux,  Oberlin  Smith, 
Chas.  L.  Clarke,  D.  B.  Rushmore,  C.  L.  deMuralt  and  D.  C.  Jackson. 

General  remarks  on  the  desirability  and  method  of  organizing  a  national 
and  general  engineering  society. 

FACTORS  DETERMINING  A  REASONABLE  CHARGE  FOR  PUBLIC  UTIUTT 

SERVICE 
M.  E.  Cooley  Vol.  xxzii— 1911,  pp.  iVTT-iOM 

Clear  exposition  of  the  various  elements  that  enter  into  the  financing, 
organization,  operation  and  insurance  of  a  public  service  corporation  or 
utility,  tracing  the  steps  taken  and  expenses  incurred  from  its  inception 
to  its  completion. 

No  discussion. 

POWER  PROM   MERCURY  VAPOR 
W.  L.  R.  Emmet  Vol.  zzxit— 19U,  pp.  tUS-ilM 

Exposition  of  a  process  of  utilizing  mercury  vapor  pressure  in  a  turbine 
and  then  absorbing  the  exhaust  heat  in  a  steam  boiler  which  serves  as  a 
condenser,  the  steam  being  used  in  the  usual  way.  Theory  of  process  and 
account  of  experimental  investigation  together  with  description  of  the 
mercury  boiler  construction. 

No  discussion. 

THE  I.  E.  C.  MEETING  AT  BERLIN 

Advance  Report  To  the  U.  S.  National  Committee  on  the  Berlin  Meeting  of  the 

International  Electrotechnical  Commission. 

Vol.  zxxii— 191S,  pp  tlll-tlM 

Outline  of  results  of  Congress. 

Appendix  A — Report  of  Committee  on  Symbols. 

Appendix  B — Limits  of  observable  temperatures  adopted  by  the 
International  Electrotechnical  Commision,  Sept.  1913. 

Appendix  C — Report  of  the  National  Laboratories  concerning  an  inter- 
national standard  for  copper. 

No  discussion. 

REPORT  OF  THE  BOARD  OF  DIRECTORS  FOR  THE  FISCAL  TEAR 
ENDING  APRIL  SO,  191S. 

VoL  s^xil— l»ll,  pp.  tltT-llM 
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Abbreviations,  standard 2163 

Accidents,  electrical,  ia  mines 1065 

mines,  reduction  by  electricity 1061 

statistics 1070 

Accounts,  classification,  central  station.     (See  Central  Stations) 
power  plant.     (See  Power  Plants) 

Actinium,  disintegration  products 983 

stages 983 

Additional  losses.     (See  Losses,  extra) 

Adhesion  coefficient,  railroad  practice 1253 

Air,  conductivity,  heat 304 

corona.     (See  Corona) 

dielectric  strength 893  1737 

bibliography 1753 

effect  of  density 1768 

electrode  area,  test 2107 

hot  furnace  gases 1759 

pressure 1737 

temperature 1737 

energy  theory ^ . .  . .  1768 

test 1769 

law 1767 

low  air  densities 1772 

maximum  gradient,  formula 1767 

rupturing  energy 1768 

test 2106 

thin  films 1771 

electric  breakdown 2112 

insulating  aualities,  investigation 898 

resistivity,  heat 304 

Aluminum  paint,  heat  emissivity 310 

American  Society  of  Civil  Engrs.,  part  in  engineering  development .  1279 

Amortization  Fund,  calculation 1633 

definition 1631 

Apprenticeship  schools.     (See  Education) 

Arc,  constant-potential,  instability 2009 

mercury,  vapor,  instability 2009 

short-circuit,  transmission  line,  characteristic 2011 

Argon,  effect  on  tungsten  lamp  performance 1924 

Armature  coil,  heat  flow 83 

temperature  distribution 84 

magnetic  testing,  exploring  coil  calculation 1529 

Asbestos,  safe  temperature,  I.  JS.  C.  rules 2163 

Ash  handling  machinery,  cost 1038 

Atom,  average  life 996 

electric  model 1007 

Automobiles.     (See  Motor  Cars.) 

Avogadro's  law 1749 

Bakelite,  conductivity,  heat 308 

resistivity,  heat 303 
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Batteries,  storage,  cost 1893 

life 1632 

motor  car  lighting 2032 

scrap  value 1632 

Battery-station,  underground 1706 

Bearings,    oil  pressure,  to  help  starting 1736 

safe  temperature,  I.  E.  C.  rules 2163 

temperature  limit 135 

Becquerel  rays,  discover>' 964 

.Bell  Telephone  Co.,  Philadelphia,  vocational  instruction 1432 

Bibliography,  corona 1753 

dielectric  strength  of  air 1753 

heat  dissipation 313 

references,  on  catenary,  calculation 1681 

Rosenburg  generator 2074 

telephone  line  measurements 1303 

wave  propagation  over  conductors 1303 

Black  body  radiation 1010 

Boiler-room,  costs,  classification 1623  1627 

'  -  ■                   labor,  cost 1657 

Boilers,  coal  mine,  loss 1036 

co'st 1038 

effect  of  size 1983 

fuel,  figure  of  merit,  definition 1648 

installed,  cost 1863 

life 1632 

mercury,  vapor,  construction 2144 

setting .-. 2146 

rating  in  myriawatts 414 

scrap  value 1632 

stokers,  effect  on  cost  of  operation 1657 

Boiling  point,  various  materials.     (See  name  of  Material) 
Bonding.     (See  Tracks.) 
Bonds.     (See  Tracks). 

Booster,  synchronous,  for  e.m.f.  compensation 878 

wiring  diagram 879 

Brass,  conductivity,  heat 303 

resistivity,  heat 303 

Bridges,  steel,  depreciation 1211 

Brusnes,  contact  resistance,  determination 665 

test  methods 679 

variation  with  temperature 563 

various  current  densities 562 

types 662 

e()uation,  effect  of  current  density 618 

f  nction 659 

coefficient,  variation  with  speed 663 

determination 666 

effect  of  angle 660  616 

current 609  610 

temperature 618 

electrical  measurement 672 

equations 617 

experimental  investigation 610 

factors  that  influence 673 

measurement 671 

mechanical  measurement 672 

recommendation  for  standardization  rules 564 

high  resistance,  value 681 

losses  (Also  see  Losses) 

influence  of  current  direction 613 

Buildings,  life 1632 

scrap  value 1632 
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Bushings.    (Also  see  Insulators). 

condenser  type 904 

wall,  high  tension 1894 

Butte,  Anaconda  &  Pacific  R.  R.,  electrification 1162 

Cables,  conductor  temperature  rise  equation 327 

current  capacity,  calculation,  accuracy 344 

effect  of  diameter 326 

equation 342 

general  formula 347 

density 350' 

rating 325 

heating 333 

rates,  calculation 351 

high-tension,  limiting  temperature 403 

insulation,  limiting  temperature 403 

iron,  cost 1865 

overload  capacity 330 

rubber  insulated,  current  density 350 

single-conductor,  cambric  insulated,  leaded  and  braided, 

current  capacity,  table 346 

current-carrying  capacity,  table 387 

rubber  insulated,  current  capacity,  table .  345 

steel,  cost 1865 

subway  construction,  manhole  spacing 407 

telephone,  coil-loaded,  advantages 1888 

examples 1886 

continuous  loading  system 1886 

advantages 1889 

Gulf  of  Georgia 1877 

Krarup  loading  system 1883 

splicing 1885 

submarine,  capacity 1879 

insulation  resistance 1879 

laying 1877 

location  of  faults 1887 

mechanical  properties 1879 

protective  apparatus 1882 

resistance 1879 

specifications 1879 

temperature  rise 391  392 

three-conductor,  current-carrying  capacity,  table 389 

overload  capacity 330 

varnished  cambric  insulated,  current  density 350 

Calorite,  conductivity,  heat # 3o3 

resistivity,  neat 303 

Cambric,  varnished,  conductivity,  heat 303 

dielectric  strength,   effect  of  electrode  area, 

moist  air,  test 2103 

effect  of  electrode  diameter  2099 

in  oil,  test 2104 

moist  air,  test 2103 

resistivity,  heat 303-340  357 

Capacity,  electric,  cloth,  measurement 2119 

factor,  definition 1669 

effect  on  cost  of  energy  production 1669 

Capital  expenses 2086 

Carbon  dioxide,  effect  on  tungsten  lamp  performance 1923 

monoxide,  effect  on  tungsten  lamp  performance 1923 

Cars,  railroad,  coal,  repairs,  cost 1212 

freight,  depreciation 1220 

repairs,  cost 1212 

motor,  cost 1209 

depreciation 1212 
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Cars,  railroad,  motor  (conhnued) 

repair,  cost. 1219 

passenger,  depreciation 1220 

repairs,  cost 1212 

Catenary,  bibliographical  references 1581 

elastic,  theory lo^5 

equations 1^^ 

non-elastic,  theory 1^ 

Cathode  particles,  definition ^70 

measurements ^^S 

velocity  measurement ^59 

rays,  characteristics ^w 

Cellulose  insulation,  safe  temperature 20 

Cement  insulator,  moisture-proof •  •  •  ■  l*®* 

specifications 1457  l4ol 

Central  stations.      (Also  see  Public  Utility). 

administration  expenses,  classification IWo 

items,  definition 1637 

amortization,  calculation 1^3 

coal  mine  service,  history 1097 

contracts  for  mines,  suggestions 1136 

penalty  for  delays 1052 

cost,  classification ^^^^fSf  JS? 

comparison  method 1649-1661  167b 

items   definition 1623 

of  energy  production,  standardization  of 

method.    1619 

standardization,  desirability.  •  •  •  -  •. 1^63 

energy  production,  cost,  classification. . . .  1620 

repairs,    classification  1620 

investment  charges,  definition 1629 

operation,  cost,  effect  of  load-factor 1644 

point  of  view  compared  with  public 2081 

rates.     (See  Rates). 

saving  by  concentration ...  1«»4 

supply  disadvantages 19W1  iwo 

effect  of  employers  liability 1033 

for  coal  mines 1029 

sugar  refining  establishment,      require- 
ments   1^^8 

use  of  synchronous  motors 1569 

vs.  isolated  plant  for  coal  mines 1046 

Charging  current.     (See  Current), 

Cinders,  resistance,  electric,  tests .  ^ itS^y  i4uu 

Circuit  breakers.     (Sec  Switches). 

Circuits,  electric,  instability *J{"^ 

continuous  discharges ;jjji^ 

hunting  synchronous  machines oAin 

permanent  instability 2010 

transient  disturbances ofS^ 

unstable  equilibrium •  •  •  •  2006 

Clay,  resistance,  electric,  tests 1399  1400 

Cloth,  dielectric  strength,  testing  apparatus ""ika  4n? 

empire,  conductivity,  heat 156  303 

resistivity,  heat ^^ 

insulating,  dielectric  strength,  test ^YTq 

power,  testing  apparatus qa 

treated,  safe  temperature ^4 

varnished,  conductivity,  heat f^^ 

dielectric  strength  in  oil,  test -^IJJ^ 

resistivity,  heat ^^ 

Coal,  figure  of  merit,  defimtion uIm 

handling  machinery,  cost 1^^° 

mines.     (See  Mines). 
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Coils,  field,  safe  temperature,  I.  £.  C.  rules 2163 

Commutating  pole,  advantages,  tests 1591 

coefficient,  leakage  flux,  definition 1536 

useful  flux,  definition 1536 

design  difficulties 1589 

effect  of  load 1532 

saturation 1531 

initial  leakage,  definition 1533 

leakage  coefficient 1533 

magnetic  testing,  exploring  coil  calculation. . .  1528 

reluctance,  leakage  paths 1538 

saturation,  d-c.  machines 1527 

Commutators,  heating 95 

over-load  capacity 124 

safe  heating 95 

temperature,  I.  E.  C.  rules 2163 

Concatenation  of  induction  motors,  speed  control 1078 

Concrete,  water-soaked,  resistance,  electric 1410 

Condensers,  cost 1863 

effect  on  fuel  economy 1986 

synchronous,  capacity  rating 97 

compared  with  line  charging  current  for 

e.m.f .  regulation 891 

current  calculation 860 

distribution  systems 1559 

example  of  use 883 

operated  with  series  booster 878 

operation  for  constant  e.m.f 1546 

rating,  ideal 882 

saving  on  transmission  lines 884  885 

transmission  line  regulation 1545 

with  booster,  wiring  diagram 879 

Condenser- type  bushing.     (See  Insulators). 

Conduction,  electric,  metallic,  electronic  theory 1015 

relation  to  heat 1016 

heat,  effect  of  barometric  pressure 248 

room  temperature 242 

equation 302 

formula 239 

relation  to  electric 1016 

Conductivity,  heat,  gases,  temperature  coefficient 306 

measurement,  Nusselt  method 384 

metallic,  calculation 1018 

temperature  coefficient 305 

shape-factor 307 

temperature  coefficient 305 

various  materials.     (See  name  of  Material). 

Conductors,  feeder,  depreciation 1211 

trolley  wire,  depreciation 1211 

Conduits,  cable,  manhole  spacing ...  ^ 407 

Constantan,  conductivitv,  heat 303 

resistivity,  heat 303 

Contracts,  electric  service.     (See  Rates.) 

Control,  e.m.f.,  automatic 869 

{generators,  lighting,  motor  cars 2026 

oad,  automatic 1694 

motor,  for  rubber  mills 1588 

power-factor,  transmission  lines 867 

remote,  electrical  installations 1686 

speed,  motor,  a-c,  brush  shifting  method 1085 

induction,  commutator  motor  method  1083 

concatenation  method  1078  1079 

dynamic  regulation 1080 
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Control,  speed,  motor,  a-c,  induction  {continued) 

multi-windings 1077 

regulating  motor  method, 

reliability 1090  1092 

regulating  set  method 1081 

regulating  set  method,  effi- 
ciency   1084 

rheostatic  method 1076 

rheostatic     method,     effi- 
ciency    1084 

transmission  systems,  by  synchronous  machines 855 

Convection,  effect  of  air  velocity,  formula 318 

barometric  pressure 247 

humidity 250 

pressure 316 

room  temperature 240 

temperature 316 

energy  dissipated,  different  temperatures 242  243 

equation 318 

film  theory 314 

thickness  of  film 359 

forced,  effect  of  air  temperature,  equation 319 

temperature  coefficient 319 

theory 317 

in  liquids 320 

Langmuir  law 238 

Lorenz  law 312 

plane  surfaces,  temperature  coefficient 317 

Converters,  frequency,  operation 1713 

parallel  operation,  use  of  synchroscope 1717 

phase  angle  variations,  formula 1728 

starting  methods 1720 

with  induction  motor 1720 

synchronizing  indicators 1721 

mercury  vapor,  for  railroad  work 1228 

synchronous,  25-cycle,  extra  losses,  correction  factor.  495 

60-cycle,  extra  losses,  correction  factor.  494 

artificial  loading 664 

automatic  operation 1735 

capacity  rating 97 

commutating  pole,  losses,  test 497 

compared  with  a-c.  generators 772 

extra  losses,  correction  factor 490 

input-output  test,  correction 489 

life 1632  1682 

polarized  relay   to   control    polarity   in 

starting 1734 

scrap  value 1632 

temperature  measurement.     (See  Tem- 
peratuse). 

testing  corrections 489 

Conveyors,  life 1632 

scrap  value 1632 

Cooling,  convection 359 

curve,  generator 181 

fog-laden  air 361 

heat  flow.     (See  Heat). 

methods,  classification 236 

transformer  after  load  is  removed 201 

air-blast 248 

conditions 214 

dissipating  power  of  tanks 379 

efficiency  tests 215 
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Copper,  annealed,  standard,  report  I.  E.  C.  Committee 2156 

National  Laboratories 2164 

conductivity,  heat 303 

conductor,  cost 1864 

density 2164 

expansion,  temperature  coefficient 2165 

heat  capacity 352 

emissivity 310 

industrial,  report,  National  Laboratories 2164 

resistance 2164 

temperature  coefficient 186-228  2164 

resistivity,  heat 303 

specific  heat 394 

weight. 2164 

thermal  capacity 394 

wire.     (See  Wire). 

Corona  bibliography , 1753 

critical  intensity,  investigation,  equipment 1739 

ionization  theory,  failure 1752 

variation  of  conductor  size 1744 

with  density 1749 

pressure 1743  1744 

temperature 1748 

detection  with  telephone  receiver 1818 

d-c 1755  1814 

effect  of  hot  furnace  gases 1759 

electrolytic  gas  production 1763 

e.m.f.,  effect  of  pressure 1805 

relation  to  air  pressure 1806 

energy  theory 1768 

test 1769 

zone,  criticism 1815 

for  e.m.f.  measurement 1818 

formation,  effect  of  pressure 1737  1805 

temperature 1737 

ionization  theory 1751 

pressures  below  atmosphere 1803 

fume  precipitating  apparatus 1757 

formula.  Peek 1739  1745 

Ryan 1738 

investigation,  apparatus 1739  1756 

ionization  theory 1751 

law,  developments 1767 

loss,  concentric  cylinders,  Peek's  formula 1802 

effect  of  conductor  radius,  equation 1820 

frequency 1819 

equation 1820 

parallel  wires,  relation  to  voltage 1801 

relation  to  impressed  voltage 1799 

extent  of  copious  ioniza- 
tion   1800 

low  air  densities 1772 

tests 1770 

metal  surfaces,  permanency 1818 

negative,  losses,  test 1761 

oscillographic  study 1787  1812 

reference 1823 

positive  and  negative 1755 

losses,  test 1762 

pressures  below  atmosphere 1803 

rubber  covered  wire 1807 

smoke  indicator 1764 

f              start  on  switching 1805 
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Corona  (continued) 

variation  with  atmospheric  conditions,  formula 1746 

conductor  diameter,  formula 1746 

pressure 1747 

voltage  measurement 1811 

voltmeter 831 

difficulties 1818 

Corpuscle,  definition 070 

Corrosion,  electrolytic,  definition 1345 

effect  of  circulation  of  electrolyte 1388 

current  density 1360  1352 

depth  in  soil 1359  1360 

low  voltage 1390 

moisture 1365  1356 

oxygen  on  end  products 1364 

temperature 1368 

efficiency,  causes  of  variations 1382 

definition 1360 

formation  of  galvanic  couples .  . .  1383 

iron,  cast,  tests 1369 

effect  of  carbonates 1376 

chemicals,  tests 1371 

chlorides 1375 

current  density 1350 

depth  in  soil 1359 

different  soils 1377 

hydroxids 1376 

kind  of  metal 1367 

moisture 1365 

nitrates 1375 

oxygen 1360 

on  end  products 1364 

temperature 1358 

in  soil,  test  apparatus 1347 

various  soils,  tests 1345 

ingot,  tests 1368 

wrought,  tests 1369 

steel,  tests 1368 

tests,  apparatus 1348 

Cost,  ash  handling  machinery 1038 

block  signals 1849 

boilers 1038 

effect  of  size 1983 

installed 1863 

operation 1667 

bonding,  track 1849 

buildings,  power  plant 1038 

cable,  iron 1866 

steel 1865 

cars,  railroad,  motor 1209 

catenary  trolley  construction 1240 

coal  handling  machinery 1038 

condenser  equipment 1863 

contact  rail  construction 1859 

system,  railroad 1849 

distribution,  electric  energv 2004 

energy,  effect  of  capacity  factor 1669 

load  factor 1644 

size  of  plant 1981 

method  of  calculation 1619 

production 1038 

coal  mines 1049 

exciters 1868 
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Cost  {cofUinued) 

fuel,  coal  mine  boilers 1037 

generators,  a-c 1597 

insulators,  strain 1864  1866 

suspension  type 1864  1866 

lightning  arresters 1038 

locomotives,  electric 1849 

freight 1209  1867 

operation 1187 

passenger 1209  1867 

re|)airs 1166 

switching 1209 

steam.  Mallet  type 1242 

operation 1187 

repairs 1166 

motors,  synchronous 1697 

piping  system 1863 

pole,  tubular  steel 1866 

wooden , 1866 

power  plant \ 1038 

construction,  effect  of  size 1982 

railroad 1849 

repairs 1038 

steam,  construction 1038  1040 

operation 1038  1040 

public  utility,  physical  property 2084 

railroad,  2400-volt,  overhead  system 1180 

distribution  system,  construction 1209 

steam,  electrification 1209 

repairs,  central  stations,  classification 1620 

standardization,  desirability 1663 

storage  batteries 1863 

substations,  railroad 1209-1849  1868 

d-c 1180 

transformer 1901 

superheater 1038 

switchboard 1038  1863 

third  rail 1869 

track  bonding 1209 

transformers 1863 

effect  of  size 1983 

installed 1901 

water  cooling  system 1901 

transmission  line 1864 

construction 1209 

steel  tower 1251 

system,  railroad 1849 

traveling  crane 1863 

trolley  construction 1209 

turbines,  steam 1863 

wire,  copper 1864 

trolley 1866 

Costs,  central  station,  classification 1620-1669-1664  1680 

comparison  methods 1649-1661  1676 

items,  definition 1623 

Cotton  batting,  conductivity,  heat 304 

resistivity,  heat 304 

impregnated,  safe  temperature,  I.  E.  C.  rules 2163 

non-impregnated,  safe  temperature,  I.  E.  C.  rules 2163 

resistivity,  heat 340  367 

safe  temperature 94 

tape,  varnished,  conductivity,  heat 303 

resistivity,  heat 303 
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Crane  travelling,  cost 1863 

Current,  calculation  of  strength 1017 

capacity,  cables 325 

calculation,  accuracy 344 

general  formula 347 

table 387  389 

pantograph  trolleys 1159 

tungsten  filament  in  nitrogen 1937 

charging,  circuit  for  elimination  from  measurements 1792 

oscillograph  measurement 1787 

method 1789 

oscillograms,  interpretation 1797 

corona,  wave 1787  1826 

definition, 1002 

density,  cables 350 

electron  theory 1017 

high  frequency  measurement 1287 

leakage,  oscillograms,  interpretation 1807 

stray,  corrosion.     (Also  see  Corrosion). 

density,  dangerous 1408 

in  practice 1408 

effect  of  load-factor 1403 

polarization  between  pipes 1398 

reduction  with  instdated  negative  returns 1412 

significance  of  loss 1405 

soils,  different  cities 1377 

Cyclo^ram 1825 

Damping  power,  definition 2018 

parallel  operation 2018 

Delays,  penalty 1052 

Depreciation,  determination 1653 

functional,  definition 1630 

physical,  definition 1630 

power  plant,  steam 1038 

turbo-generators 55 

various  structures.     (See  name  of  Structure). 

Diamagnetism  distinguished  from  paramagnetism 1023 

Dielectric  breakdown,  effect  of  size  of  electrode 2116 

phenomena 2111 

solids,  probability  theorum 2128 

field.     (See  Field  electric). 

flux  in  insulator  design 934 

unit 937 

losses,  cloth 2119 

transformers 450 

variation  with  voltage 451 

phenomena,  theory 937 

rupture,  phenomena 2111 

strength,  cloth,  measurement 2119 

effect  of  electrode  area,  explanation 2124 

test 2097 

mechanical  pressure 2123 

various  materials.     (See  name  of  Material). 

Dielectrics  in  series  with  air,  e.m.f.  tests 937 

testing,  historical  review 2117 

Distortion  ratio,  definition 777 

derivation 781 

Distribution,  electric  energy,  cost 2004 

railroad,  catenary  construction,  cost 1240 

contact  rail,  all-day  efficiency 1872 

cost 1859 

itemized  cost 1850 

maintenance  cost 1866 


Digitized  by 


Google 


TOPICAL  INDEX  66 

Distribution,  railroad,  contact  rail  (continued) 

system,  cost 1849 

maintenance  cost 1850 

rail-size,  relation  to  grade . .  1858 

d-c,  2400-volt,  cost 1180 

trolley,  construction  cost 1209 

system,  choice  of  synchronous  and  induction  motors .  887 

e.m.f .  limitations 863 

railroads,  d-c,  choice 1160 

Diversity-factor,  coal  mine 1140 

load 1107 

definition 1988  2001 

lighting,  commercial 1990 

residence 1990 

Drexel  Inst.,  evening  classes 1424 

Earth  resistance.     (See  Soils). 

Ebonite,  conductivity,  heat 303 

resistivity,  heat 303 

Economizers,  effect  on  fuel  economy 1986 

Eddy-current  losses.     (See  Losses). 

Education,  competitive  system 1461 

correspondence  course,  Penn.  R.  R 1430 

evening  classes,  division  of  applicants 1422 

Drexel  Inst 1424 

Frankhn  Inst 1426 

general  conditions 1418 

Philadeli>hia  Textile  School 1428 

possibilities 1421 

problems 1418 

Spring  Garden  Inst 1428 

Temple  Univ 1427 

Univ.  of  Washington 1446 

Y.  M.  C.  A.,  Philadelphia 1426 

Nafl.  Ass'n.  of  Cor'pn.  Schools 1413 

dues 1415 

membership 1414 

purpose 1414 

professional,  sorting  material 1451 

School  of  Telegraphy,  Penn.  R.  R 1431 

vocational,  apprenticeship 1433 

schools,  Penn.  R.  R 1437 

schools,  Penn.  R.  R.,  outline 

of  work 1439 

Bell  Telephone  Co..  Philadelphia 1432 

city  employees,  Philadelphia 1434 

danger 1445 

definition 1444 

Drexel  Inst 1417  1424 

Philadelphia  and  vicinity 1417 

Trade  Sch()ol 1429 

reading  technical  magazines 1449 

scope 1423 

training  of  instructor 1448 

Efficiency,  all-day,  converter  substation 1872 

locomotives,  electric 1872 

railroad  distribution  system 1872 

electric 1872 

transmission  line 1872 

calorimetric  method 646 

converters,  synchronous 490 

25-cycle 495 

60-cycle 494 

inverted 491 
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Efficiency  {continued) 

cooling,  transformers 216 

engines,  gas 798 

steam,  compound  condensing 797 

fractional  load,  operating  temperature,  standardization 

recommendations 608 

generators,  a-c 488 

bucking  series  motor  car  lighting 2057 

d-c,  by  different  methods 485 

commutating  pole 485  486 

slipping  clutch  motor  car  lighting 2057 

input-output  method,  commercial  accuracy 536 

criticism 638 

d-c.  motors 486 

synchronous  converters 490 

25-cycle  495 

60-cycle  494 

inverted  491 

locomotives,  steam,  Mallet  type 1165 

Pacific-type 1152 

machines,  electric,  sources  of  error 551 

motor-generator  sets 498 

motors,  a-c.  commutator 1086 

induction,  calculation 430 

recommendation  for    standard- 
ization    434 

squirrel    cage 1125 

d-c,  commutating  pole 483-485  486 

by  different  methods . . .  485 

phase  characteristic  method,  advantages 640 

railroads,  electric  mountain-grade 1180 

separation  losses  method,  a-c.  generators 488 

d-c.  generators 486 

motors 485 

motor-generator  sets 498 

synchronous  converters 490 

synchronous  converters,  25- 

cycle 495 

synchronous  converters,  60- 
cycle 494 

synchronous  converters,  in- 
verted   491 

short-circuit  losses  method,  advantages 633 

turbines,  steam 799 

water 798  800 

effect  of  head 800  802 

volt-ampere,  standardization 604 

Eider  down,  conductivity,  heat 304 

resistivity,  heat 304 

Electric  field.     (See  Field). 

Electricity,  explanation 1000 

positive,  definition 1007  1012 

Electrolysis  (Also  see  corrosion,  electrolytic.) 

corona  current 1763 

high-tension 1763 

E.m.f.,  measurement,  corona,  tests 1741 

high-frequency 1287 

high-tension,  method 740  818 

independent  of  frequency 1813 

ratio  of  maximum  to  mean 1741 

sphere  gap 812  827 

first  suggested 880 

Electrons,  definition 970 
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Electrons  (continued) 

explanation  Zeeman  effect Jiiuo 

kinetic  energy,  relation  to  temperature Ijjlo 

motion  equation l^ci 

Thomson  theory J^' 

universal  existence AUlU 

Electron-theory ,^^ 

of  electricity }J{"j 

matter 1006 

Electroscope,  gold  leaf ^Jo 

Elements,  chemical,  building  up jW 

Elevators,  life |^5 

scrap  value ^^^ 

Emanation,  definition jio 

density «;° 

liquifying  temperature. , w'o 

Energy,  O.l  cent  per  kw-hr J^J 

production,  cost *^2? 

effect  of  size  of  plant ^o 

units,  conversion  factors ^*2 

Engineer,  definition \^o 

manual,  definition \nf70 

theoretical,  definition J*^^ 

Engineering  organization,  proposed \tJA 

skeleton  constitution 1^74 

societies,  Amer.  Soc'y  of  Civil  Engrs.,  position 1279 

co-operation •  •  •  •  *276 

Engine-room,  costs,  classification 1624  1027 

Engines,  Corliss,  condensing,  cost  of  energy  output lo/y 

gas.  4-cylinder,  turn-over  torque ^0^0 

6-cylinder,  turn-over  torque -^"^ 

efficiency J^° 

rating  in  myria watts *1* 

steam,  compound  condensing,  efficiency ...  797 

jjf  g lo32  Ioo2 

rating  in  myriawatts *1^ 

scrap  value 1632 

Exciters,  cost fJSS 

life 1632 

scrap  value J^^j 

Fans,  ventilating,  mine,  power  requirements 107* 

Fibre,  horn,  heat  conductivity 1^ 

Field,  electric,  about  bushings ^ 

dielectric  sphere 909 

dielectrics  of  various  shapes 898 

ring  and  rod ^^ 

suspension  insulators 906 

equations 2*2 

exploration  apparatus |w 

in  presence  of  solid  dielectrics 894 

intensity  equations jl^ 

plotting  experimentally 895 

magnetic,  work  to  establish 1002 

Figure  of  merit,  definition J645 

Fire-risk,  automatic,  substations 169o 

generators,  a-c.  turbo 33 

Flickering,  incandescent  lamps,  causes 1964 

Flux,  dielectric,  in  design  of  insulators 934 

unit  definition ^37 

leakage,  coefficient,  definition \fM 

useful,  coefficient,  definition l63o 

Force,  magnetic,  at  any  point,  equation 1002 

Franklin  Inst.,  evening  classes 1*^6 
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Frequency  changers.     (See  Converters,  frequency). 

measurement 774 

telephone  circuits 1286 

Friction  coefficient,  determination 559 

effect  of  speed 561 

formula 572 

variation  with  speed 574 

various  types  of  brushes  at  different  speeds . . .  563 

losses,  formula 574 

measurement 571 

Fuel,  cost,  coal  mine  boilers 1037 

economy,  effect  of  condensers 1986 

economizers 1986 

superheaters 1986 

figure  of  merit,  definition 1648 

Fullerboard,  heat  conductivity 156 

varnished,  conductivity,  heat 303 

resistivity,  heat 303 

Fume  indicator,  corona  type 1764 

Furnaces,  life 1632 

scrap  value 1632 

Galvanometer,  moving  coil,  Weston,  sensibility 1811 

Generators,  a-c,  artificial  loading 650 

Behrend  method 716 

methods 667 

capacity  rating 96 

commutating  pole,  saturation 1527 

cost 1597 

eddy  currents,  effect  of  load 504 

e.m.f.  wave  shapes 749 

extra  loss,  correction 488 

induction,  limitations  of  capacity 796 

performance  characteristics 796 

remote  control 1687 

life 1632  1682 

loading  for  temperature  tests,  methods 650 

losses.     (See  Losses). 

phase  characteristics,  tests 513 

rating,  kilovolt-amperes 151 

regulation.     (Also  see  Regulation). 

determination  by  test 783 

saturation  curve,  calculation 847-851  852 

construction 791 

test 514 

scrap  value 1632 

synchronous,  effect  of  load  change 2016 

impedance,  tost 514 

tcmperalurt'  measurement.     (See  Temperature). 

rise,  correction  factor 275 

tests 677 

testing,  alternate  open  circuit  and  short    circuit 

method 654 

d-c.  open-delta  method 658  672 

temperature  dis- 
tribution    674 

methods 711 

open-circuit  and  short-circuit  method .  .  .  669 
open-circuit    and    short-circuit    method 

advantages 650 

open-circuit    and    short-circuit    method 

compared  with  actual  load 652 

open -circuit    and    short-circuit    method 

disadvantages 650 
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Generators,  a-c  testing  (continued) 

open-circuit    and    short-circuit    method 

merits .718-719  720 

open-circuit    and    short-circuit    method 

temperature  distribution 671 

phase  displacement  method 675 

separation  losses  method,  standardization 

rules 506 

zero  power  factor  method 662  668 

temperature 

distribution .  669 

turbo,  axial  type 16 

critical  speeds.     (See  Speeds). 

depreciation 55 

design 1 

difficulties,  earlier  types 1 

limitations 10  46 

fire-risk 33 

heating,  calculations 58 

hottest  points i 71 

in  stator 69 

insulation 25 

losses 31 

milled-in-slot  type 4 

output,  maximum,  determination 47 

equation 48 

parallel  slot  compared  with  radial  slot ...  7 

limitations 9 

rotor 5 

pheripheral  speeds,  actual 8 

pole  nux,  equation 48 

radial  slot  type 3 

limitations 9 

regulation.  (Also  see  Regulation) 34 

effect  of  slot  form 45 

rotor  construction 35 

insulation 29 

without  through-shaft,  introduction.  2 

short-circuit  characteristics 34 

temperature  problem 19 

ventilation 10  65 

voltage  selection 64 

wave  shapes,  effect  of  load 756 

pole  shape 751 

typical 761 

constant-speed  motor,  car  lighting,  advantages . .  2037 

cooling  curve 181 

critical  speeds.     (See  Speeds). 

d-c.  artificial  loading 664 

care  of  brushes  and  commutators 612 

coram utating  pole,  design  difficulties 1589 

distribution 1537 

leakage  calculation 1542 

coefficient 1633 

paths 1538 

reluctance  paths,  calctdation .  1538 

saturation 1527 

stray  loss  correction  factor . . .  485 

testing,  separation  losses  method,  accuracy 

485-486  487 

lighting,  motor  cars 2026 

clutch  type 2037 

losses 2073        , 

slipping  clutch,  test Digitized  toy  V290Ogle 
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Generators  (continued) 

rating,  choice 795 

Rosenburg,  for  motor  car  lighting 2074 

short-circuit  tests 372 

stator  coils,  heating 153 

temperature  measurement.     (See  Temperature.) 

rise,  correction  factors 274 

effect  of  room  temperature 259 

test '372 

testing,  overvoltage  run 401 

voltage  selection 64 

German  silver,  conductivity,  heat 303 

resistivity,  heat 303 

Glass,  quartz,  conductivity,  heat 303 

resistivity,  heat 303 

Glycerine,  conductivity,  heat 304 

resistivity,  heat 304 

Going  value,  definition 2089 

Gold  enamel,  heat  emissivity 310 

Graphite,  conductivity,  heat 303 

resistivity,  heat 303 

Gravel,  resistance,  electric,  tests 1399  1400 

Gutta-percha,  characteristics 1883 

conductivitjr,  heat 303 

for  splicing  joints 1886 

insulation  resistance,  effect  of  rosin 1884 

resistivity,  heat 303 

Hall  effect,  explanation 1022 

Heat  capacity,  various  materials.     (See  name  of  Material). 

conduction,  concentric  cylinders,  formula 308 

parallelopipedons 308 

spheres,  formula 308 

equation 302 

formula 239 

generators,  turbo 22 

planes,  formula 308 

shape  factor 307 

conductivity,  gases 304 

insulating  materials 156  303 

liquids 304 

metals 303 

minerals 303 

various  materials.     (See  name  of  Material). 

convection,    Lorenz  law 312 

dissipation,  bibliography 313 

calctdation 321 

capacity,  transformer  tanks 245 

convection 359 

effect  of  humidity 249 

pressure 247 

temperature  of  cooling  medium 239 

flow  in  electric  machines 371 

general  theory 236 

surface  resistivities 322 

total 321 

transformer  tanks 379 

ventilated  surface 67 

emissivity,  various  materials.     (See  name  of  Material). 

flow,  armature  coil 83 

in  electrical  machinery 83 

generators,  turbo 20 

iminated  structure 61  67 

turbo-generator 61 
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Heat  (continued)  . 

radiation.     (See  Radiation). 

resistivity,  gases jJJ^ 

insulating  materials ^"^ 

liq«i<Js 304 

«^?tals 303 

minerals •  •  • .•  •  • ^"•» 

various  materials.     (See  name  of  Matenal). 

transmission,  electrical  machinery,  laws 301 

Heating,  house,  electricity l;;" 

loaded  cables ^^^ 

calculations ^«^ 

tests.... ^ 337 

rates,  cables,  calculation J"* 

Hoisting,  mine,  power  requirements }AZ4 

Hoists,  life 1^55 

scrap  value ^y^^ 

Horn  fibre,  heat  conductivity *^g 

Humidity,  air,  calculation ^^^ 

correction  for  vapor  pressure ^^o 

measurements ••  •  •  ^"g 

Hunting,  synchronous  machines ^^^  ^"*^ 

Hydrogen,  atom  mass - ^5 

effect  on  tungsten  lamp  performance Aw^^ 

Hysteresis  losses.     (See  Losses.) 

effect  of  wave  distortion o^/ 

Ice  loading,  transmission  lines,  test *o35 

on'  transmission  lines,  test oma 

Ignition,  energy  of  spark jJJJ^ 

motor  cars jJJ*^ 

timer  and  distributor  construction,  motor  car ^oo7 

Impedance,  iterative,  definition 1336 

measurement ^' ^ 

Indeterminate  losses.     (See  Losses,  extra). 

Institute  activities,  limitations J^J* 

annual  report ^*^ 

Board  of  Directors,  publicity J*^ 

local  Sections,  purpose |^^ 

offices,  competition,  advisability 1*67 

requirements J*^ 

publications,  limitations ^i 

Instruments,  commercial  measurements,  accuracy ^VAiA  aai 

electrical,  commercial  accuracy 635-640  641 

life 15^2 

location  to  avoid  errors 663 

scrape  value 1632 

transformers.     (See  Transformers). 

Insulating  cloth,  testing  apparatus 01  or 

materials,  aging,  relation  to  temperature 2125 

dielectric  strength,  determination,  test 2097 

testing  apparatus. 2098 

testing,  standardization  recommendations  . .  2122 

Insulation,  breakdown,  effect  of  size  of  electrode 2116 

J  phenomena 2111 

e  temperature 26 

circuits  in  mines 1060 

cotton,  safe  temperature 94 

design 893  907 

effects  of  frequency 947 

fibrous 80 

Ufe 106 

safe  temperature 25-75  106 

temperature,  effect  on  life 81 
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Insulation  {continued) 

fire-proof 80 

generators,  turbo 25 

rotor 29 

heat-resisting 80 

effect  on  life 82 

safe  temperature 94 

high-frequency 936 

losses,  transformers 450 

materials,  classification 80 

mica,  Hafely  process 28 

of  pipes  from  stray  currents 1411 

paper,  safe  temperature 94 

sate  temperatures 79 

solid,  breakdown,  phenomena 2113 

probability  theorum 2128 

tape,  safe  temperature 25 

temperature,  standardization  recommendations 89 

testmg,  historical  review 2117 

thernuil  capacity 394 

transformers,  design 914 

we^  point  theory,  objections 2127 

Insulators,  bushing,  condenser  type,  limitations 944 

effect  of  frequency 947 

surface  conduction 948 

line,  oil,  tests 1491 

pin-type,  design 923 

instuation ,1476 

specifications  for  testing 1465 

rain  tests 1503 

specifications 1468-1475  1483 

specifications 1471 

electrical  testing 1473 

testing 1471 

strain,  high-tension,  trouble 1492 

suspension,  arc-over  test,  specification 1458 

cost 1864 

design 924 

electric  field 905 

hardware,  cost 1864 

inspection 1477 

performance  under  electrical  and  me- 
chanical stress,  tests 1488 

specifications 1457  1462 

for  testing 1457  1462 

voltage  gradients 1828 

Washington  Wtr.  Pwr.  Co.,  standard 

construction 1831 

oil,  tests 1499 

puncture  strength,  specifications 1470 

strain,  cost 1864 

suspension,  hardware,  cost ^ 1864 

wall  bushing,  design 927  940 

Integraph,  principle 1340 

use 1340 

I.  £.  C.  Berlin,  meeting,  organization 2152 

report 2151 

Ion,  charge,  measurement 960 

defimtion 970 

Ionium,  kinetic  energy  of  alpha  particle 985 

velocity  of  alpha  particle 985 

Ionization  instant  of  copious,  definition 1794 

of  gases,  theory 957 

voltage  at  copious 1794 
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Iron,  cast,  conductivity,  heat ^^ 

heat  emissivity ^i^ 

resistivity,  heat ^"^ 

surfaced,  electrolytic  corrosion,  tests J^w 

unsurfaced,  electrolytic  corrosion,  tests i|0» 

conductivity,  heat .«gy 

corrosion •. i^AK 

electrolytic,  investigation }^Jg 

ingot,  electrolytic  corrosion,  tests a^o 

resistivity,  heat -r":j 

saturation,  Kapp  method ^it' 

steel,  heat  capacity -™ 

wrought,  electrolytic  corrosion,  tests. ^^w 

Iron-loss  transformers.     (See  Transformers). 

Isolated  plants  vs.  central  station  for  coal  mines |"*o 

Kapp  method  of  obtaining  iron  saturation ao^/ 

Kelvin,  definition xji 

vortex-atom  hypothesis 225 

Krarup  loading  system,  telephone  cables. jo»2 

advantages low 

Labor  reduction  factor • JjjJ 

for  comparison  of  cost -    •  •  •  |^a 

Lamps,  carbon,  mctaliaed,  compared  with  tungsten,  nitrogen-fiUed  1950 

specific  consumption *^5 

choice  for  motor  cars f"j; 

incandescent,  blackening,  theory. ;.  •  •  • : it^i 

flickering,  effect  of  filament  diameter 19o4 

gas  filled,  experiments,  early 1»49 

maximum  theoretical  efficiency ^vl6 

relative  efficiency,  various  types 1950 

Nernst,  insUbility 2010 

Novak,  reason  for  failure •  •  •  • J^^ 

tantalum,  compared  with  tungsten,  nitrogen-filled l«oO 

tungsten,  blackening,  causes Jvl3 

control  of  deposit iwji 

methods  of  prevention Iv27 

compared  with  lamps,  tungsten,  nitrogen-filled.  1950 

effect  of  argon 1^24 

carbon  dioxide 1923 

monoxide 1923 

hydrogen 1922 

methame 19^ 

T^^tTOgen 1922 

o«yg««i ilii 

vanous  gases awzi 

water  vapor 1923 

evaporation  of  filament 1914 

failure,  cause,  investigation 1926 

gas  from  bulb 1920 

filament 1919 

lead-in  wires 1920 

in  bulb,  sources 1918 

high  efficiency,  description 1936 

"                       theory 1013 

large  siee,  life,  limitations. 1916 

manufacture,  washing,  definition 1916 

nitrogen-fiUed 1929 

bulb  design 1938 

compared  with  other  lamps 1950 

description 1935 

filament  current  capacity 1937 

desipi 1936 

intrinsic  brilliancy 1943 
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Lamps,  tungsten,  nitrogen-filled  (continued) 

lead-in  wires  and  supports 1939 

light  distribution 1944 

photometry,  method 1944 

photo-micrographic  work 1947 

specific  consumption 1935 

tests 1930  1941 

various  types 1940 

residual  gas 1918 

specific  consumption 1913 

use  of  high  pressure  gases 1927 

water  vapor  elimination,  methods 1925 

Langmuir  convection  law 238 

Latent  heat,  various  materials.     (See  name  of  Material). 

Lead,  heat  capacity 352 

resistivity,  heat 340  357 

Leakage  coefficient,  initial,  definition 1533 

gap,  definition 1534 

magnetic,  calculation 1542 

Life,  physical  property.     (See  Proper  Names). 

power  plant  equipment 1632 

Lighting,  commercial,  diversity  factor 1990 

motor  cars 2023 

automatic,  desirable  features 2052 

bucking  series  generator,  objections 2071 

performance 2062 

test 2056 

constant-speed  generator,  advantages 2037 

charging  character- 
istics   2038 

disadvantages 2074 

generators,  losses 2073 

ideal  system 2025 

shunt  generator,  electric  control 2029 

slipping  clutch  generator,  performance 2062 

test 2056 

variable  speed  generator,  charging  character- 
istics   2038 

vibratory  field  control  generator,  tests 2055 

wiring 2034 

residence,  diversity  factor 1990 

train,  automatic,  desirable  features 2052 

remote  control,  equipment 1686 

Lightning  arresters,  cost 1038 

electrolytic,  housing  construction 1895 

installation,  mountain  substation 1894 

over- voltage  limitations 864 

Load  characteristics,  coal  mines,  tests 1104 

curve,  central  station,  winter 803 

Chicago  down-town 1700 

coal  mines,  tests 1 106 

mine  plant 1122 

mountain  railroad 1862 

Load-factor,  coal  mines 1049-1108  1140 

definition 1112-1113-1114-1116-1117-1118-1653  1672 

determination,  method 1043 

effect  on  Corliss  engine 1679 

cost  of  energy  production 1644 

formula 1678 

electrolysis 1403 

steam  turbine 1679 

stray  currents 1403 

improvements,  mines,  coal 1128 
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Load-factor  {continued) 

mines,  coal 1 128 

breaker 1128 

cutter 1128 

haulage 1128 

hoist 1128 

lighting 1128 

pumping 1128 

repair  shop 1 128 

ventilation 1128 

Loads,  diversity-factor.     (See  Diversity- Factor). 

peak,  Chicago  down-town 1700 

measurement 1117-1118-1131  1134 

Loam,  resistance,  electric,  tests 1400 

Locomotives,  electric,  108-ton,  weight  on  drivers 1154 

all-day  efficiency 1872 

coal  consumption,  compared  with  steam. . .  1166 

mine  operation 1141 

compared  with  Mallet  type 1166 

steam 1193 

cost 1849 

of  operation  compared  with  steam 1171 

depreciation 1212  1219 

drawbar  pull,  calculation 1175 

energy  consumption 1179 

cost 1187 

engine  house  expenses 1223 

freight,  cost 1209  1867 

spare  time 1206 

time  distribution 1230 

free  running 1206 

in  engine  house 1206 

on  road 1206 

trailing  weight 1202 

fuel  cost 1171 

hauling  capacity  on  grades,  compared  with 

steam 1231 

lubricants,  cost 1187 

mine  operation,  requirements 1066 

N.  Y.  Central,  time  distribution 1208 

passenger,  cost 1209  1867 

express  service 1153 

spare  time 1206 

time  distribution 1230 

free  running 1206 

in  engine  house 1206 

shops 1206 

on  road 1206 

Penn.  R.  R.,  repair,  cost 1218 

repairs  and  maintenance  cost 1166 

compared  with  steam 1217 

cost 1171-1178-1212  1860 

speed-torque  characteristics 1193 

stores,  cost 1187 

switching,  compared  with  steam 1183 

cost 1209 

wages,  cost 1171-1178-1187  1213 

freight,  time  distribution 1230 

hauling  capacity  on  grades,  electric  vs.  steam 1231 

N.  Y.  Central,  repair,  cost 1217 

passenger,  time  distribution 1230 

steam,  Atlantic  type,  mileage 1216 

repairs,  cost 1216 
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Locomotives,  steam,  Atlantic  type  {continued) 

weight  distribution 1216 

coal  consumption,  compared  with  electric 1166 

for  firing  up 1264 

compared  with  electric 1193 

consolidated  simple  type,  mileage 1216 

repairs,  cost 1216 

weight  distribution.  1216 
type,    speed-torque  characteris- 

tics.. 1193 

cost  of  operation  compared  with  electric. .  . .  1171 

depreciation 1212  1219 

drawbar  pull,  calculation 1176 

en^ne-house  expense 1187  1223 

freight,  mileage 1216 

repairs,  cost 1216 

spare  time 1205 

time  distribution 1230 

free  running 1205 

in  engine  house 1205 

shops 1205 

on  road 1205 

trailing  weight 1202 

weight  distribution 1216 

fuel  cost 1171  1187 

hauling  capacity  on  grades,  compared  with 

electric 1231 

lubricants,  cost 1 187 

Mallet  type,  coal  consumption 1164  1182 

compared  with  electric  locomo- 
tive  -  1164 

cost 1242 

of  operation 1183  1185 

efficiency 1165 

fuel,  cost 1186 

mileage 1 184 

repairs,  cost 1186 

wages,  cost 1 186 

mechanical  efficiency 1253 

Pacific-type,  efficiency 1 152 

mileage 1216 

performance 1151 

repairs,  cost 1216 

tractive  effort 1151 

weight 1 151 

distribution 1216 

passenger,  mileage 1216 

repairs,  cost 1216 

spare  time 1205 

time  distribution 1230 

free  running 1205 

in  engine  house 1205 

shops 1205 

on  roads 1205 

weig[ht  distribution 1216 

repairs  and  maintenance  cost 1166 

compared  with  electric 1217 

cost 1171-1187-1212  1850 

stores,  cost 1187 

switching,  compared  with  electric 1183 

mileage 1216 

repairs,  cost 1216 

weight  distribution 1216 

wages,  cost 1171-1187  1213 
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Lorenz  law,  heat  convection 312 

Losses,  brush  contact 569 

drop,  various  current  densities 662 

temperatures 663 

types 662 

resistance,  formidas 583 

measurement 565 

tests 578 

method 579 

variation  with  brush  pressure  . . .  668 

current  density . . .  570 

humidity 570 

lubrication 570 

materials 568 

speed 568 

surface  conditions.  667 

temperature 569 

factors  that  effect 677 

friction 559 

converters,    synchronous,    commutating    pole,    variation 

with  load,  test 497 

inverted,    variation    with    load, 

test 492  493 

variation  with  load,  test 492  493 

copper,  transformer,  effect  of  temperature  rise 600 

core,  definition 592 

exponent 691 

generators,  a-c, different  methods  of  testing 507 

variation  with  load 612 

voltage 511 

motor,  induction 591 

eddy-current,  generators,  a-c,  effect  of  load 504 

extra 690  591 

converters,  synchronous,  26-cycle,  correction  factor . .  495 
25-cycle,    correction   factor 
recommended  for  stand- 
ardization    501 

60-cycle,  correction  factor. .  494 
60-cycle,    correction   factor 
recommended  for  stand- 
ardization    501 

correction  factor 490 

correction  factor 483 

feasibility 632 

determination,  commercial  accuracy 636 

from  input-output  test 531 

input-output  method,  commercial  ac- 
curacy    536 

effect  of  interpole  flux 622 

generators,  a-c,  correction  factor 488 

recommended       for 

standardization. .  501 

method  of  determining 503 

notes 519 

recommendations    for    standardiza- 
tion   626 

d-c 523 

correction  factor  recommended   for 

standardization 501 

variation  with  load 526 

various  types 526  529 

machines,  electric,  correction  factor 627 

motor-generator  sets,  correction  factor 498 
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Ix>sses,  extra  {continued) 

motors,  d-c 523 

correction  factor 486 

recommended  for  stand- 
ardization    501 

induction 429 

classification 435 

copper  under  load 424 

core  tests 425 

under  load 424 

effect  of  slots 425  426 

load 423 

[  small  size 433 

tests 436 

synchronous,  correction  factor  recommended 

for  standardization 501 

rotating  machines,  determination 479 

terminology 587 

transformer 439  465 

copper,  equation 474 

core-type,  tests 440 

correction 598 

magnetic-shunt-type,  test 443 

shell- type,  tests 441 

friction,  formula 674 

generators,  a-c,  circulating  energy  method 510 

test 510 

phase  characteristic  method 509 

method,  advantages  .  640 

method,  test 510 

separation  losses  method,  tests.  .507-508  510 

short-circuit  method,  merits 631 

turbo 31 

variation  with  load 515 

tests 487 

hysteresis 594 

input-output  method,  crilicism 638 

merits 631 

iron,  definition 592 

machines,  electric,  circulating  energy  method 623 

measurement,  calorimetric  method 645 

motors,  d-c..  commutating  ])c)le,  variati(m  with  load,  test.  482 
stray.      (vSee  Losses,  extra). 

transformer,  copper,  analysis 465 

effect  of  temperature  rise 600 

mathematical  theory 466 

core-type,  test 440 

dielectric 450 

load 439 

magnetic-shunt-type,  tests 443 

no-load 439 

effect  of  frequency 454 

temperature,  test 453 

voltage 458-459-460  461 

low-tension  coils  only,  effect  of  voltage  462 
one  terminal  grounded,  effect  of  volt- 
age    463 

terminals  free,  effect  of  voltage 463 

variations  with  voltage 452 

recommendations  for  standardization 464 

shell-type,  test 441 

Machinery,  electric,  cooling.     (See  Cooling), 
losses.     (See  Losses). 
"  pumping  back  "  test  method. .  DigitizedbyGoogk 
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Machines,  commutating,  care  of  brushes  and  commutators 612 

electric,  copper  loss  temperature,  determination 396 

correction  factor  for  extra  losses 483 

d-c,  efficiency  tests 623 

errors  in  testmg,  sources 551 

high-voltage,  temperature  gradients 130 

iron  loss  temperature,  determination 396 

loading  back  test  connection 481 

•  •  •  •                     name  plate  stamping 98 

operating  temperature,  definition 606 

rating  method 91 

regulation,  operating  temperature,  standard- 
ization recommendation 608 

safe  temperature 94 

specifications,  meaning 117 

starting  with  oil  pressure  in  bearings 1736 

synchronous,  effect  of  load  change 2016 

for  transmission  line  control . . .  855 

hunting 2014 

temperature,   maximum 121  122 

measurement.      (Also  see  Tem- 
perature). 

rise,  correction  factors 274 

ultimate 93 

testing,  various.     (See  name  of  Machine). 

tests,  commercial 712 

rotating,  temperature  by  thermometers,  method 172 

Magnetic  field.     (See  Field). 

Magnetism,  electron  hypothesis 1023 

Marble,  conductivity,  heat 303 

resistivity,  heat 303 

Mass,  dependence  upon  velocity  of  electron 999 

Matter,  electron  theory 1005 

Measurement.s,  electrical,  commercial  accuracy 535-640  641 

instruments,  commercial  accuracy 533 

of  temperature.     (See  Temperature), 
various  quantities.     (See  name  of  quantity). 

Mercury,  boiling  point 2133 

various  pressures 2134 

f[as,  specific  heat 2135 

atent  heat  of  vaporization 2134 

liquid,  specific  heat 2134 

specific  heat 2134 

switches.     (See  Switches). 

vapor,  boiler  construction 2144 

setting 2146 

energy  available  at  different  pressures 2137 

for  turbine  operation 2133 

turbine  system,  design 2138 

Meters,  location 1042 

Methame,  effect  on  tungsten  lamp  performance 1924 

Mica,  composition 39 

conductivity,  heat 304 

resistivity,  heat 304 

compounds,  safe  temperature 109 

conductivity,  heat 156-303  405 

change  with  pressure 405 

paper,  conductivity,  heat 303 

resistivity,  heat 303 

resistivity,  heat 303 

safe  temperature 24-75  94 

I.  E.  C.  rules 2163 

Micanite,  heat  conductivity 156 

safe  temperature,  I.  E.  C.  rules 2163 
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Milliammeters,  soft  iron  vane  type,  inductance 833 

Milli voltmeters,  commercial  accuracy •  • .  534 

Milner,  oscillographic  study  of  corona 1812  1823 

Mines,  accidents  caused  by  electricity,  prevention 1059 

reduction  by  electricity 1061 

statistics 1070 

coal,  boilers,  loss ^^^ 

breaker,  load-factor 1 128 

power-factor 1128 

requirements 1 127 

central  station  supply 1035 

advantages 1035 

cutting,  load-factor. 1128 

power  requirements 1126 

power-factor ^ 1 128 

diversity-factor 1140 

electric  energy  production,  cost 1111 

service,  central  station,  early  installations 1098 

history 1097 

disturbances 1099 

requirements 1029  1097 

energy  production,  cost 1049 

haulage,  load-factor 1128 

power-factor 1128 

hoisting,  load-factor 1128 

power-factor 1128 

lighting,  load-factor 1128 

load-factor :  .1049-^1108-1128  1140 

improvements. 1128 

locomotives,  electric,  operation 1141 

operating  day 1030 

power  requirements 1121 

tests 1103 

power-factor .' 1128 

improvement 1128 

pumping,  load-factor 1128 

power-factor 1128 

repair  shop,  load-factor 1128 

ventilation,  load-factor 1128 

power-factor 1128 

voltage 1047 

electric  service,  central  station  supply 1097 

trouble  factors 1068 

shocks,  sources 1055 

explosions  caused  by  electricity 1056 

fires  caused  by  electricity 1056 

hoisting.     (See  Hoisting). 

locomotive,  electric,  requirements 1066 

power  requirements 1121  1902 

pumping,  power  requirements 1126 

safeguarding  use  of  electricity 1055 

ventilation,  power  requirements 1073-1087  1124 

Monel  metal,  heat  emissivity 310 

Motor  cars,  ignition 2043 

energy  of  spark 2068 

interrupter,  varying  angular  contact  time  with 

speed 2047 

system  for  constant  potential 2044 

timer  and  distributor  construction 2067 

lighting  system.     (See  Lighting).  2067 

starting  motors,  performance 2064 

timer  and  distributor  construction 2067 

Motor-generator  sets,  extra  losses,  correction  factor 498 
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Motors,  a-c.  adjustable  speed  for  fans 1075 

commutator,  brush  shifting,  etnciency 1086 

power-factor 1086 

reliability 1090  1092 

constant-speed  for  fans •  .  -  1074 

induction,  artificial  loading o77  685 

methods 683 

efficiency 1125 

calculation 430 

instability 2008 

losses.     (See  Losses). 

power-factor 1125 

speed  control  methods.  (Also  see  Control). 

speed- torque  characteristics 2008 

stability  of  operation 2008 

temperature  distribution 679-688  689 

rise,  correction  factor 275 

equation 725 

tests 677 

tests,  feeding-back  method 677 

methods 683  711 

reduced  voltage  method 678 

reversed  rotation  method 680 

m^ts 724 

zero  power-factor,  merits 722 

synchronous,  advantages 1595 

compared  with  induction 1606 

motors,     rea- 
sons   1608 

cost 1597 

for  power-factor  regulation 1597 

distributing  end,  advantages 1598 

easy  starting  air  compressor 1564 

pump 1563 

effect  of  excitation  on  armature  current 

when  voltage  is  applied 1524 

effect  of  load  change 2016 

for  transmission  line  regulation 1547 

industrial  use 1559 

non-synchronous  running 1522 

oscillations  due  to  load  change 2017 

oscillograms,  interpretation 1607 

pull-in  torque,  explanation 1611 

relation   between    armature   and   field 

currents 1520 

round  type  vs.  salient  type 1612  1614 

running  partial  load,  fiela,  short  circuit.  1522 

self -starting,  disadvantages 1589 

solid  pole,  starting  performance,  tests .  1616 

starting  characteristics 1509 

current  characteristic. ...  1511  1512 

field  circuit,  closed 1510 

open 1510 

methods 1510 

partial  voltage 1515  1516 

stages 1510 

tests 1518 

torgue 1513  1514 

usefulness 1605 

temperature  measurement.     (See  Temperature). 

characteristics  for  rubber  mills 1586 

d-c,  care  of  brushes  and  commutators 612 

commutating  pole,  advantages,  test 1591 
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Motors,  d-c,  commutating  pole  {continued) 

care  of  brushes  andcommmutators  612 

design  difficulties 1589 

extra  loss  correction  factor 485 

flux  distribution 1537 

leakage  calculation 1542 

coefficient 1533 

paths 1538 

reluctance,    leakage    paths,    cal- 
culation    1538 

separation  losses  method,  accuracy 485-486  487 

enclosed,  temperature  distribution 260  269 

rise,  correction  factors 274 

life 1632 

mine  fan,  selection 1074 

motor-car  starting,  performance 2064 

open,  temperature  distribution 267 

rise,  correction  factors 274 

scrap  value 1632 

semi-enclosed  temperature  distribution 268 

rise,  correction  factors 274 

speed  control.     (See  Control). 

temperature  distribution 260 

measurement.     (See  Temperature). 

rise,  correction  factors 274 

effect  of  room  temperature 259 

Myriawatt,  argument  for  introduction 411 

in  terms  of  other  units 412 

rating  of  various  prime  movers 414 

Name  plate  stamping 98 

standardization  recommendation 100 

National  Association  of  Corporation  Schools.     (See  Education). 

Needle-gap,  calibration,  effect  of  humidity 813 

inconsistency 733 

Nitrogen,  effect  on  tungsten  lamp  performance 1922 

Oil,  dielectric  strength,  effect  of  electrode  area,  test 2106 

test 2106 

electric  breakdown,  phenomena 2113 

mineral  seal,  viscosity,  effect  of  temperature 244 

paraffin,  conductivity,  heat 304 

resistivity,  heat 304 

viscosity,  effect  of  temperature 244 

transil,  viscosity,  effect  of  temperature 244 

viscosity ;  effect  of  temperature 244 

Oscillograms,  Braun  tube 1823 

charging  current  to  corona  conductor 1793 

Oscillograph  for  measuring  charging  current 1787 

sensibility 1811 

Oxygen,  depolarizing  effect 1387 

effect  on  corrosion  of  iron 1360 

end  products  of  corrosion 1364 

tungsten  lamp  performance 1922 

Paper,  asbestos,  conductivity,  heat 303 

resistivity,  heat 303 

fish,  heat  conductivity 156 

rope,  conductivity,  heat 303 

resistivity,  heat 303 

varnishea,  conductivity,  heat 303 

resistivity,  heat 303 

safe  temperature 94  326 

varnished,  heat  conductivity 166 

Para  rubber,  conductivity,  heat 303 

resistivity,  heat 303 
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Paraffin,  conductivity,  heat 303 

resistivity,  heat 303 

Parallel  operation,  a-c.  machines 1714 

damping  power 2018 

frequency  converters 1713 

effect  of  armature  induc- 
tance   1726 

synchronizing  power 2018 

synchronous  converters,  use  of  synchroscope ...  1717 

Paramagnetism  distinguished  from  diamagnetism 1023 

Peak  load.     (See  Load) . 

Peek  formula,  corona 1739  1746 

loss,  concentric  cylinders 1802 

Peltier  effect,  explanation 1021 

Penn.  R.  R.,  apprenticeship  schools 1437 

correspondence  course 1430 

school  of  telegraphy 1431 

Petroleum,  conductivity,  heat 304 

resistivity,  neat 304 

Philadelphia  Textile  School,  evening  classes 1428 

Trade  School,  vocational  instructions 1429 

Piping,  life 1632 

power  plant,  cost 1863 

scrap  value 1632 

Planck's  law lOll 

Polarization  between  buried  pipes 1398 

Pole-lines,  construction,  labor,  cost 1866 

steel,  construction,  cost 1865 

wood,  construction,  cost 1865 

Poles,  depreciation 1211 

tubular,  steel,  cost 1865 

wood,  cost 1865 

Porcelain,  absorption  of  moisture .1487  1503 

conductivity,  heat 303 

insulation  resistance,  effect  of  firing 1496 

insulator,  effect  of  lightning  frequencies 1497 

manufacture 1495 

specifications 1462-1465-1472  1480 

vitrification  temperature,  importance 1495 

resistivity,  heat 303 

safe  temperature 94 

Potential  transformers.     (See  Transformers,  Shunt). 

Power  measurement,  three-phase,  two  wattmeters,  accuracy 642 

requirements,  coal  cutting 1126 

^                             mines 1029-1035  1121 

tests 1103 

hoisting,  mine 1123 

mines 1121 

coal  breaker 1127 

fans 1073  1087 

pumping 1 126 

ventilation 1 124 

pumps,  coal  mine 1036 

rubber  calendering 1585 

machinery 1583 

masticating 1584 

mills.... 1586 

mixing 1584 

refining 1584 

tubing 1585 

warmmg 1585 

washing 1683 

Power-factor,  cloth,  measurement 2119 
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Power-factor  (conlinued) 

control,  transmission  lines oo7 

correction,  effect  of  rates 1044 

effect  on  electric  energy  rates 1134 

improvements,  mines,  coal 1128 

measurement 1136 

mines,  coal 11^ 

breaker 1128 

cutting 1128 

haulace 1128 

hoUtL^ 11» 

paminng 11^ 

ventilaton 1aj<> 

motors,  a-c-  induction,  squirrel  cage 1125 

Power-plants,  amortization,  calculation 1^3 

buildings,  cost 1038 

capacity-factor,   definition 10o9 

effect  on  cost 1M9 

construction,  cost 1038 

effect  of  size 1082 

cost,  classification 1659-1654  1680 

comparison,  method 1649-1661  1676 

effect  of  load-factor 1644 

formula 1678 

itemized 1863 

standardization,  desirability 1663 

economies  due  to  increase  in  size 1985 

economy,  effect  of  condensers 1986 

economizers 1986 

superheaters 1986 

isolated.     (See  Isolated  plants). 

advantages 1991  1999 

labor,  cost IJOS 

load-factor,  effect  on  costs 1644 

oi>eration,  cost 1057  1863 

r^road,  cost 1W9 

operation  cost 1850 

rating  of  units,  choice 795 

repairs,  cost 1038 

size,  effect  on  cost  of  operation 1981 

steam,  construction  cost 1040 

fixed  charges 1040 

labor,  cost Io03 

operation  cost 1038  1040 

repairs 1038 

President's  address •  •  •  1^1 

Presspahn  conductivity,  heat 15o  M6 

resistivity,  heat 303 

Prime  movers  rated  in  myriawatts 414 

rating,  choice 795 

Probability,  theorum *J^ 

Promotor,  proposition ^gS 

Promotion  costs 2087 

Propagation  constant,  definition 1337 

Protection,  automatic,  substations 1695 

Public  service  rates.     (See  Rates). 

utility  accounts,  classification ^3 

capital  expenses 2w6 

cost,  physical  property ^4 

going  value 2089 

organization,  expenses 2W6 

promotion,  cost 2W7 

problem 2082 
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Public  utility  (continued) 

reasonable  charge,  definition 2078 

service,  cost,  elements 2093 

sinking  fund 2091 

Pumping,  mines,  power  requirements 1126 

Pumps,  coal  mine,  power  requirements 1036 

life }5qo 

scrap  value 1632 

special,  for  synchronous  motor  drive 1564 

Pupin  coil-loaded  svstem,  advantages 1888 

Pyro-clectrolytes,  definition 2009 

volt-ampere  characteristic 2011 

Pyrometers,  resistance.     (See  Thermometers). 

Radiation,  bibliography 313 

black  body 1010 

from  radioactivity  substances 963 

heat,  effect  of  barometric  pressure 247 

humidity 249 

room  temperature 239 

energy  dissipated,  different  temperatures 241 

equation 296 

Stephan-Boltzman's  law 237  309 

temperature  coefficient,  formula 311 

Wein's  law 311 

Radioactive  equilibrium,  definition 996 

Radioactivity J52 

determining  age  of  world 987 

discovery ^54 

disintegration  theory 971 

heating  effect 984 

Radium  A,  kinetic  energy  of  alpha  particle 985 

velocity  of  alpha  particle 986 

atomic  weight 966 

C,  kinetic  energy  of  alpha  particle 985 

velocity  of  alpha  particle 985 

content,  common  rocks 987 

discovery 956 

disintegration  products 979 

stages 979 

emanation,  density 978 

kinetic  energy  of  alpha  particle 986 

liquifying  temperature 978 

velocity  of  alpha  particle 985 

F,  kinetic  energy  of  alpha  particle ' 986 

velocity  of  alpha  particle 986 

heating  eflfect 984 

kinetic  energy  of  alpha  particle 985 

period,  determination 982 

velocity  of  alpha  particle 986 

Railroads,  capacity  limit 1174 

electric,  all-day  efficiency 1872 

Butte,  Anaconda  &  Pacific  Ry 1162 

coal  consumption,  compared  with  steam 1156 

construction  cost 1180 

contact  roller,  current  capacity,  effect  of  speed  1159 

cost  of  operation,  calculation 1178 

d-c,  2400-volt  system ^  1159 

5000-volt 1229 

mercury  rectifier 1228 

vs.  single-phase 1227 

depreciation 1211 

distribution  system.     (See  Distribution). 

fuel,  cost 1869 
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Railroads,  electric  (conUnued) 

main  line  service 1155 

mountain-grade  efficiency 1180 

performance 1161 

operation  cost 1188-1210  1850 

vs.  steam 1157 

from  central  station 1246 

purchase  of  energy,  advantages 1225 

rates  for  energy 1249 

single-phase  vs.  d-c 1227 

substations.     (See  Substations). 

trolley,  cost  of  operation 1195 

engine-house  expenses,  electric  locomotives 1223 

steam  locomotives 1223 

equipment,  depreciation 1211 

freignt  traffic,  trailing  weight,  electric  locomotive 1202 

steam  locomotive 1202 

fuel  consumption,  calculation 1871 

cost 1869 

locomotives  required  for  given  service,  steam 1205 

maintenance  of  structures,  cost,  effect  of  electrification .  121 1 

way,  cost,  effect  of  electrification 1211 

mountain,  cost  of  operation 1 169 

electric  operation  compared  with  steam 1167 

electrification,  cost 1849 

problem 1173  1237 

study 1845 

operation  cost,  electric  vs.  steam 1210 

steam  vs.  electric 1210 

ruling  grade,  definition 1192 

signals.     (See  Signals). 

steam,  coal  consumption,  compared  with  electric 1156 

cost  of  operation 1195 

calculation 1181 

electrification 1189 

cost  estimate 1209 

d-c,  2400  volts 1149 

effect  on  operating  expenses 1191 

motmtain-grade,  problem 1173  1237 

problem 1149  1196 

reasons  for 1189 

results,  experience 1190 

study 1197 

>  fuel  consumption,  calctdation 1871 

cost 1869 

motmtain  grade,  electrification,  advisability 1237 

operating  expenses,  effect  of  locomotives 1192 

road        character- 
istics   1191 

ruling  grade 1192 

operation  cost 1188-1210  1850 

vs.  electric 1157 

passenger  express  service,  requirements 1151 

steam  performance . .  1151 

service,  coal  consumption 1153 

traffic  analysis 1198 

classification ^ 1 195 

freight,  time  distribution,  locomotives,  electric  .  1206 

locomotives,  steam  . .  1206 

locomotive,  mileage  required,  electric 1204 

steam 1204 

number,  determination 1239 
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Railroads,  traffic  (continued) 

passenger,  time  distribution,  locomotives,  electric  1206 

locomotives,  steam.  1206 

switching,  time  distribution,  locomotives,  electric  1207 

locomotives,  steam.  1207 

transportation  expenses 1213 

Rates,  analysis 1041 

coal  mines 1041-1129  1141 

ideal 1139 

contract,  coal  mines,  suggestions 1141 

for  mines,  suggestions 1136 

penalty  for  delays 1052 

determination 1143  1144 

effect  of  meter  location 1042 

power-factor 1134 

correction 1044 

flat  with  fixed  charge 1130 

for  electric  railroads 1249 

ideal 1137 

maximum  demand,  determination 1042 

system 1130 

off-peak 1138 

for  coal  mines 1030 

public  service,  elements  determining 2093 

utility,  factors  that  determine 2077 

Rating  at  point  of  highest  efficiency 119 

capacity,  electric  machinery 92 

generators,  a-c 96 

synchronous  condensers 97 

converters 97 

transformers 97 

continuous,  electric  machinery 93 

electric  machinery,  methods 91 

functions 139 

maximum  capacity,  objections 102 

report  of  I.  E.  C.  Committee 2163 

service,  classification 96 

electric  machinery 92 

from  central  station  viewpoint 114 

short  time,  electric  machinery 93 

Rays,  alpha,  counting  particles 966 

description 966 

mass  of  particles 966 

particles,  counting  method 994 

definition 970 

Becquerel,  discovery 964 

beta,  description 963 

particle,  definition 970 

penetrating  power 964 

cathode,  characteristics 990 

particle,  definition 970 

gamma 967 

definition 970 

Rdntengen,  discovery 964 

Reduction  factor  for  labor 1641 

use 1667 

Regulation,  distribution  system  with  synchronous  motors 1669 

electric  machines,  operating  temperature,  standard- 
ization recommendation 608 

e.m.f.,  automatic  with  synchronous  condensers 1661 

load  limitations 863 

generators,  a-c,  calculation,  advantages 846 

method 847 
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Regulation,  generators,  a-c.  (continued) 

determination 789 

Adams'  method 851 

by  test 783 

errors 846 

Kapp's  method 852 

method 846 

standard    rule,    criti- 
cism   784 

standardization  recom- 
mendation    786 

effect  of  pole  leakage 786 

Institute  method,  errors 784 

Potier's  triangle  method 789 

turbo 34 

effect  of  slot  form 45 

transformer,  equation 474 

formula  derivation 662 

transmission  line,  calctdation S56 

constant  e.m.f 1545 

cost 1549 

receiver  e.m.f 871 

effect  of  charging  current 891 

power  factor 865 

synchronous  condensers 1545 

motor  advantages 1547 

Relays,  automatic  telephone 1307 

polarized,  automatic  telephone 1307 

Repairs,  cost,  central  stations,  classification 1620 

Report,  annual 2167 

Board  of  Examiners 2185 

Code  Committee 2175 

Constitutional  Revision  Committee 2183 

Edison  Medal • .  •  •  2J84 

Editing  Committee 2174 

Educational  Committee 2171 

Electric  Lighting  Committee 2172 

Electrochemical  Committee 2173 

Electrophysics  Committee 2173 

Finance  Committee 2186 

High-Tension  Transmission  Committee 2172 

Indexing  Transactions  Committee 2174 

Industnal  Power  Committee 2172 

Institute  membership 2185 

John  Fritz  Medal 2184 

Law  Committee 2175 

Library  Committee 2175 

Meetings  and  Papers  Committee 2170 

N.  Y.  Reception  Committee 2171 

Organization  Internal  Elec'l  Congress  Committee 2184 

Patent  Committee 2182 

Power  Station  Committee 2173 

Public  Policy  Committee 2181 

Railway  Committee 2171 

Relations  of  Consulting  Engineers  Committee 2183 

Sections  Committee 2169 

Standards  Committee 2174 

Telegraphy  and  Telephony  Committee 2173 

U.  S.  Natl  Committee  of  I.  E.  C 2183 

Use  of  Electricity  in  Mines  Committee 2174 

Resistance,  earth.     (See  Soils). 

insulation,  doth  measurement 21W 

measurement,  hot 1*8 
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Resistance,  measurement  {continued) 

loaded  coils 203 

neutralization  of  inductive  effect 199 

potentiometer  method 198 

temperature  determination 178 

voltmeter-ammeter  method 198 

various  bodies.     (See  name  of  Body). 

materials.     (See  name  of  Material). 

Respiration,  artificial,  Schafer  prone-pressure  method 1063 

Resuscitation,  Schafer  prone-pressure  method 1063 

Rdntgen  rays,  discovery 964 

Room  temperature.     (See  Temperature). 

Rosenburg  generator,  bibliography  references 2074 

for  motor  car  lighting 2074 

Rotors,  generators,  a-c,  safe  temperature 153 

temperature  distribution,  observed 170 

safe  temperature,  I.  E.  C.  rules 2163 

turbo-generator,  design 46 

insulation 29 

limitations 46 

parallel  slot 5 

compared  with  radial  slot ...  7 

limitations 9 

radial  slot 3 

advantages 38 

compared  with  parallel  slot . .  7 

limitations 9 

through-shaft 2 

Rubber  calendering,  power  requirements 1585 

conductivity,  heat 302  303 

deterioration  by  high  voltage 44 

ozone 44 

heat  capacity 352 

industry,  electrical  requirements 1583 

insulation,  dielectric  strength,  test 2099 

machinery,  power  requirements 1583 

masticating,  power  requirements 1584 

mills,  power  requirements 1586 

mixing,  power  requirements 1584 

refining,  power  requirements 1584 

resistivity,  heat 303-340  357 

safe  temperature 326 

sheet,  dielectric  strength,  variation  with  electrode  area, 

test 2101 

in  oil,  dielectric  strength,  effect  of  electrode  area,test  2108 

test 2108 

tubing,  power  requirements 1585 

wanmng,  power  requirements 1585 

washing,  power  requirements 1583 

Ryan  formula,  corona 1738 

Sand,  resistance,  electric,  tests 1399  1400 

Schafer  prone-pressure  method  of  artificial  respiration 1063 

School  of  Industrial  Arts,  Trenton 1435 

Schools,  National  Association  of  Corporation  Schools 1413 

Scrap  value,  definition 1632 

Segregated  losses  method.     (See  Losses). 
Series  transformers.     (See  Transformers,  series). 

Shellac,  conductivitv,  heat 303 

resistivity,  heat 303 

Shunts  for  d-c.  instruments,  commerdid  accuracy 534 

Shunt  transformers.     (See  Transformers,  shunt). 

Signals,  block,  cost 1849 

Silver,  conductivity,  heat 302 

heat  emissivity 310 
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Sinking  fund,  importance 2091 

Slate,  conductivity,  heat 303 

resistivity,  neat 303 

Smoke  indicator,  corona  type 1764 

Soils,  Albuquerque,  N.  M.,  resistance,  tests 1400 

Apollo,  Pa.,  resistance,  tests 1400 

effect  on  electrolytic  corrosion 1377 

Erie,  Pa.,  corrosion  efficiency,  test 1380 

resistance,  test 1400 

Philadelphia,  resistance,  tests 1399 

Pittsburgh,  Pa.,  corrosion  efficiency,  tests 1380 

resistance,  tests 1400 

resistance,  different  sources 1398 

effect  of  mechanical  pressure,  tests 1397 

moisture 1393 

temperature,  tests 1394 

investigation 1390 

St.  Louis,  resistance,  tests 1399 

Washington,  D.  C,  resistance,  tests 1400 

Southern  Pacific  R.  R.,  Tehachapi  Pass,  electrification  study 1846 

profile 1847 

tunnel  clearances 1875 

Spark-gaps,  spheres,  advantages  over  needle-gap 736 

bi-ass,  gradient  curve 1778-1779  1780 

spark-over  curve 1778-1779  1780 

calibration 739 

curve 744-747  813 

effect  of  grounding 813 

various  pressures 1760 

construction 736  1773 

corrections,  various  altitudes 820 

effect  of  radius  on  gradient 1781 

spark-over 1781 

electron  theory 1784 

e.m.f .  calibration 739 

measurement,  first  suggested 830 

factors  affecting  accuracy 822 

gradient  calculation 1782 

effect  of  diameter 2113 

manufacture,  difficulty 820 

merits  for  measurement 733 

performance 1774 

potential  gradient,  effect  of  radius 817 

range  of  usefulness 827 

spark-over  voltages 815 

standardization  recommendations 736 

steel,  gradient  curve 1777 

spark-over  curve 1777 

voltage  measurement 812 

Specific  consumption,  carbon  lamps 1913 

tungsten  lamps 1913 

■                                                                  nitrogen-filled 1935 

\  heat,  various  materials.     (See  name  of  Material). 

Specifications,  electric  machinery,  meaning 117 

various  apparatus.     (See  name  of  Apparatus). 
Speed  control.     (See  Control). 

critical,  advantage  in  running  below 63 

running  above 74 

Sphere  spark  gap.     (See  Spark  Gap.) 

Spring  Garden  Inst.,  evening  classes 1428 

Sta,ndardization  rules,  Amencan  compared  with  European 112 

correction  factors  for  extra  losses,  recom- 
mendations          •  501 
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Standardization  niles  {continued) 

efficiency,  fractional  load,  temperature  re- 
commendations         608 

Institute  compared  with  I.  E.  C 107 

I.  E.  C.  compared  with  Institute 107 

recommendation  for  brush  friction  deter- 
mination         664 

recommendations   for  definition   of   trans- 
former losses 464 

recommendations  for  induction  motor  effi- 
ciency         434 

Standards  Committee,  history 110 

Stators,  generators,  a-c,  safe  temperature,  estimation 164 

temperature  rise  calculation 168 

temperature  rise  calculation 168 

Steel  braideci  armor,  resistivity,  heat 340       367 

conductivity,  heat 303 

machine,  electrolytic  corrosion,  tests 1368 

resistivity,   heat 303 

transformer,  conductivity,  heat 303 

resistivity,  neat 303 

Stephan-Boltzman's  radiation  law 237       309 

Stokers,  effect  on  cost  of  operation 1667 

life 1632 

scrap  value 1632 

Storage  battery.     (See  Batteries). 
Stray  currents.     (See  Currents), 
losses.     (See  Losses,  extra). 

vs.  load  losses,  terminology 687-689-697      621 

Substations,  automatic,  connection  diagram 1691 

equipment 1691 

fire  risk 1696 

operation 1693 

description 1686 

protection 1696 

basement  type,  layout 1701 

building,  portable 1892 

design,  cost  limitations 1973 

fire  hazard s 1973 

operating  requirements 1972 

safety 1973 

space  economy 1971 

Detroit,  map 1689 

electric  railways,  spacing 1160 

industrial 1966 

electrical  design 1967 

physical  design 1967 

motor-generator,  cold  storage  plant 1969 

vehicle  charging 1969 

mountain,  construction 1891 

portable 1891 

railroad,  automatic 1910 

cost 1209-1849  1868 

depreciation 1211 

d-c,  cost  of  construction 1180 

heating  loads 1862 

labor,  cost 1868 

maintenance,  cost 1211 

mercury  converter 1228 

operation  cost 1850  1858 

portable 1905 

repairs,  cost 1858 

spacing,  calculation 1852 

different  grades,  chart ^^  1855   , 
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Substations  (continued) 

sub-basement  type,  layout J^u^ 

sub-grade,  classincation J701 

synchronous  converter,  all-day  efficiency 1872 

automatic,  equipment Ip91 

operation 1693 

basement  and  sub-basement, 

design 1699 

car  manufacturing  plant 1963 

pumping  plant 1970 

ship  and  engine  building  plant  1961 

type  manufacturing  plant . . .  1966 

underground,  layout 1710 

transformer,  amusement  park 1J63 

cost Iwl 

grain  elevator I960  1967 

fayout 1896  1968 

operation,  cost 1^1 

paper  mill 1964 

remote  control 1686 

rubber  mill 1^ 

silk  manufacturing  plant 1958 

upkeep,  cost JWl 

underground,  construction 1705 

lay?"^ ■••  \l\l 

piping J'"° 

type 1699 

ventilation 1704 

Superheaters,  cost J038 

effect  on  fuel  economy •  •  •  |W»o 

Switchboard,  cost 1038  J^Sx 

life 1632 

scrap  value 1632 

Switches,  circuit  breakers,  rating 807  809 

method «'*1 

standardization  recommendation.  811 

rupturing  capacity 732 

mercury,  battery  disconnecting  for  motor  car  lighting  . .  2065 

Switching,  effect  of  voltage  control 862 

Symbols,  electrical,  table *l^l 

mathematical *  J^* 

report  of  E.  I.  C.  Committee 2159 

i;ij^i^5 2162 

Synchroscope  indications,  interpretation  with  frequency  converters.  1717 

Synchronizmg  indicators  for  frequency  converter  starting 1723 

power,  definition 2018 

parallel  operation 2018 

Telephone  lines,  artificial,  connection  diagram 1284 

experimental  investigation 1283 

current  equations 1339 

measurement 1287 

vector  diagram 1291-1293  1295 

e.m.f.  equations •  1339 

vector  diagram 1291-1293  1295 

frequency 1286 

Krarup  loading  system 1883 

measurement,  bibliography 1303 

potential  measurement 1287 

Telephones,  automatic,  calling  circuit,  polarized  ringing 1326 

office  circuit 1322 

guarding  against  grounded  ringing 1328 

long  distance,  circuit  connections 1310  1314 

method  of  operation 1308 

operation 1305 
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Telephones,  automatic  {^continued) 

Northwestern    Long    Distance   Telephone 

Co 1306 

office  line  circuit 1330 

toll  line  apparatus,  connection 1323 

repeater  apparatus,  connection .. .  1327 

trunking  circuit,  operation 1318 

frequency 1286 

iterative  impedance,  definition 1336 

propagation  constant,  definition 1337 

submarine,  cable,  electrical  properties 1879 

laying 1877 

protective  apparatus 1882 

Temperature  distribution,  armature  coil 84 

generators,  a-c ....  669-671-673-674-675  676 

rotor,  observed 170 

motors,  a-c.  induction 

678-679-680-681-688  689 

enclosed 260  269 

open 267 

ventilated 267 

semi-enclosed 268 

rating  machines,  tests,  equipment ....  262 

transformers 446 

.  parts 224 

water-cooled 247 

effect  on  insulation 79 

electric  machinery 93 

generators,  a-c,  determination 177 

stator  coils 163 

turbo,  rotor 30 

gradients,  high- voltage  machines 130 

msulating  materials,   standardization  recommenda- 
tions    89 

local,  measurement,  electric  machines 186 

maximum,  bearings 136 

cables 326 

commercial  machines 76 

fibrous  insulation 106 

generators,  a-c.  turbo,  calculation 71 

stator 69 

mica  compounds 109 

various  substances.     (See  name  of   Sub- 
stance). 

measurement,  generator  cooling  curve 181 

hot  spots  in  machines.  .  .370-373-376  376 

machmes,  electric 163  186 

methods 86 

oil  bath 193 

resistance  change 164  178 

compared  with  ther- 
mometer and  ex- 
ploring coils 180 

exploring  coils 166-179  201 

compared 
with  ther- 
mometer 
and  resis- 
tance 

change 180 

disadvantages  368 

experience  . .  362 

limitations . ,  370 
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Temperature  measurement,  resistance  exploring  QoiUi^continued) 

^  location  .373  374 

precautions  .  188 

method ^6 

error 1 87 

rotating  machines 1*^3  185 

standardization  recommendation . . . .  ^  1 74 

thermocouples 1<5^  188 

accuracy 168 

advantages 363 

disadvantages  .363-368  397 

limitations 370 

thermometers 87  164 

application 171 

compared     with     resis- 
tance   and    exploring 

coils 180 

mercury 191 

resistance,  advantages 

364  397 
disadvan- 
tages . 187  364 

transformer  cooling  medium 193 

correction  for  lag 195 

idle  unit  method 20K 

method 191,  215 

room  correction 195 

standardization    recom- 
mendation    211 

with  idle  unit 204 

motors,  a-c,  determination 177 

operating,  for  electrical  machines,  definition 606 

rise,  cables 391  392 

calculation  by  resistance 228 

stator 158 

commutators 95 

conductor,  bare 328 

lead  covered 327 

converters,  synchronous  loading 664 

copper  conductors,  corrected  formula 228 

correction  factor,  generators,  a-c 275 

motors,  enclosed 274 

induction 275 

open 274 

semi-enclosed 274 

rotating  machines.  . .  274 

effect  of  air  pressure 286  292 

temperature 284  295 

atmospheric  conditions 279  289 

tests 281  289 

humidity 293 

electric  machines,  effect  of  atmospheric  condi- 
tions    235 

tests,  factory 649 

methods. 650 

generators,  a-c,  alternate  open-circuit  and  short- 
circuit  tests 654 

artificial  loading 650 

d-c.  open-delta  tests 658 

loading  methods 667 

separate  open-circuit  and  short* 

circuit  tests 650 

turbo,  calculations 58 

zero  power-factor,  tests 662 
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Temperature  rise,  generators  {continued) 

d-c,  loading oo4 

effect  of  room  temperature 259 

turbo ••  19 

maximum,    electric   machines 121  122 

measurement,  electric  machines,  corrections d81 

room  temperature  correction ....  378 

motors,  effect  of  room  temperature •  . .  269 

induction,  loading  methods 677  o»5 

resistance  formula,   correction  for  copper  and 
iron  losses  and  room 

temperature 231 

room  correction 229 

method,  calculation 210 

tests,  factory  methods ^Jj 

transformers,  calculation ^^° 

correction,    standardization    re- 
commendation .  257 
effect  of  atmospheric  conditions 

235  279 

humidity 256 

pressure 263 

surrounding  air 252 

idler  transformer  correction . .  726 

loading  methods 693 

water-cooled 247 

room,  correction  factors 1°* 

definition J^l 

determination 1  * ' 

measurement,    artificial    lagging    of    thermo- 
meter  ; ••  366 

safe,  insulatingmaterials.     (See  name   of   Material) 

limits,  I.  E.  C,  rules 2163 

transformers,  conditions  affecting *1^ 

correction  for  room  temperature 227 

tests,  open  and  short-circuit  method  . .  223 

Temple  Univ.,  evening  classes ^^27 

Testing,  electrical  machinery.     (See  Machines,  electric). 

various  machines.     (See  name  of  Machines). 
Thermal  capacity,  various  materials.     (See  name  of  Material). 

resistivity.     (See  Heat). 
Thermocouples.     (See  Temperature  measurement). 

Thermodynamic,  efficiency 2 133 

Thermoelectric  phenomena ^lia 

Thermometers,  artificial  lagging Y^6 

mercury,  accuracy J^;^ 

methocf  of  application 171  177 

resistance,  accuracy. ^^2 

construction 291 

disadvantages 187 

spirit,  accuracy 1^2 

Thermostat,  use  in  transformers ^|9R 

Third  rail,  bonding,  cost ^^ 

construction,  cost 1|59 

maintenance,  cost 1866 

Thomson  effect,  explanation 1021 

Thorium,  disintegration  products ^|3 

stages 083 

Tools,  life 1632 

scrap  value 1632 

Towers,  Washington  Wtr.  Pwr.  Co.,  standard  construction 1830 

Track  bonding,  cost 1209-1849-1859  1860 

depreciation ^A?^  1       j 
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Track  {amtinued) 

maintenance  cost 1860 

with  electric  locomotives 1850 

steam  locomotives 1850 

ruling  grade,  definition 1192 

Transformers,  air-blast,  cooling 248 

temperature  correction 251 

alarm  protection 1900 

artificial  loading 218-691  725 

capacity  rating 97 

commercial  tests 704 

cooling,     (also  See  Cooling). 

curves 202 

efficiency  tests 215 

medium,  temperature  measurement 193 

copper  loss  tests 706 

core-type,  insulation  design 914 

performance  test 440 

cost,  effect  of  size 1983 

current.     (See  Transformers,  series). 

dielectric  losses  at  various  voltages 451 

efficiency,  volt-ampere,  standardization 604 

exciting  voltaee,  importance 864 

heat  run,  method  of  loading 217 

tests 691  707 

high-tension,  insulation  design 914 

impedance  measurement 471 

tests 706 

installed,  cost 1901 

instrument,  commercial  accuracy 534 

insulation  losses 450 

tests 708 

iron-loss  tests 705 

life 1632 

load  inductance,  equation 469  601 

resistance,  equation 469  601 

losses     (See  Losses) 

tests 439 

magnetic  shunt  type,  tests 443 

magnetizing  current,  tests 705 

oil-cooled,  temperature  distribution 224 

over-potential  tests 708 

performance  one  terminal  grounded,  no-load 468 

performance,  effect  of  frequency 454 

temperature 453.  454,  455  456 

equation  under  short-circuit 469 

tests,  circuit  diagram 472 

polarity  tests 704 

polyphase,  core-type,  insulation  design 917 

vs.  single-phase 1908 

potential  (see  Transformers,  shunt) 

ratio,  definition 727 

tests 704 

regulation,  equation  (also  see  Regulation) 474 

formula  derivation 602 

resistance  measurement  with  load  on 203 

tests 705 

Scott-connected,  tests,  loading-back  method 692 

scrap  value 1632 

self-cooled,  heat  test 446 

temperature  distribution 446 

series,  commercial  accuracy 654 

shell-type,  insulation  design 919 
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Transformers,  shell-type  (continued) 

performance  test 441 

shunt,  commercial  accuracy 554 

single-phase  vs.  polyphase 1908 

step-up,  cost 1863 

tanks,  energy  dissipation,  different  types 245 

temperature,  correction  for  room  temperature 227 

distribution,  tests 224 

measurement  (see  Temperature) 

methods 215 

rise,  calculation 398 

corrections,  standardization 

recommendations  257 
effect  of  atmospheric  conditions 

235  279 

humidity 255 

pressure 253 

surrounding  air 252 

terminals,  design 920 

testing,  artificial  loading 217 

commercial 704 

copper  loss 706 

heat  run 204,  691  707 

idle  unit  method 208 

impedance 706 

insulation 708 

intermittent  loading  method 693 

iron  loss 705 

loading  methods 691  725 

compared 696  697 

loading-back  method 691 

magnetizing  current 705 

open  and  short-circuit  method. . . .  219 

over-potential 708 

polarity 704 

ratio 704 

resistance 705 

standardization  recommendation  211 

thermostat,  protection 1898 

three-phase,  artificial  loading 218 

with  idle  unit 204 

water-cooled  heat  dissipation  ca- 

I  pacity 246 

test 447 

temperature  distribution  225,  247  447 

water  relay 1897 

Transmission  line,  all-day  efficiency 1872 

bill  of  materials 1864 

catenary  construction 1565 

charging  current,  magnitude 889,  890 

conductor  spacing 892 

constant  e.m.f..  current  capacity 1548 

performance  characteristics 1548 

saving  affected 1548 

construction,  cost 1864 

labor,  cost 1865 

depreciation 1211 

design  for  constant  drop 866 

e.  m.  f.  control,  automatic 859 

by  synchronous  machines 855 

experimental,  for  ice  test 1834 

generator  e.  m  f.  to  maintain  constant    receiver 

e.  m.  f 870r;X871 
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Transmission  line  (continued) 

ice  loading,  effects 1829 

operation 855 

saving    with   synchronous    condensers 

884.  885 

with    synchronous  condensers 875 

pole  (see  Pole  line) 

regulation  (also  see  Regulation) 

calculation 856 

effect  of  power-factor 865 

for  constant  receiver   e.m.f 871,  1545 

limitation  of  various  loads 863 

without  synchronous  condensers 874 

sag,  effect  of  ice  loading 1835 

steel  tower,  cost 1209,  1251 

suspension    insulator,    deflection,    effect    of    ice 

loading 1839 

voltage  drop,  effect  of  power-factor 867 

system,  l(K)-mile.  cost  with  constant  e.m.f.  regulation  1556 
ordinary  e.m.f.  regulation. . .  1556 
performance,  constant  e.m.f.  regula- 
tion    1556 

ordinary  e.m.f .  regula- 
tion    1556 

200-mile,  cost  with  constant  e.m.f.   regulation  1556 
ordinary  e.m.f.  regulation.  1556 
performance,  constant  e.m.f.  regula- 
tion    1556 

ordinary  e.m.f.  regu- 
lation    1556 

constant  e.  m.  f 1545 

advantages 1555 

disadvantages 1555 

drop  formula 1555 

maintenance,  cost 1866 

railroad,  cost 1849 

use  of  synchronous  and  induction  motors  for 

power-factor  control 888 

Traps,  life 1632 

scrap  value 1632 

Trolleys,  catenary  cons  traction,  cost 1240 

pantograph,  current  capacity,  effect  of  speed 1159 

wire,  depreciation  (also  see  Wire) 1211 

Tungsten  lamps  (See  Lamps) 

Turbine,  mercury  vapor 2133 

steam.cost 1863 

of  energy  output 1679 

eflBciency 799 

life 1632 

rating  in  myria watts 414 

scrap  value 1632 

water.  eflBciency,  effect  of  head. 800,  802 

output,  maximum 799 

rating  in  myriawatts 414 

specific  speed,  definition 798 

Units,  energy,  conversion  factors 412 

myriawatt,  definition 41 1 

symbols 2162 

Univ.  of  Washington  evening  classes 1446 

Uranium,  energy  released 997 

kinetic  energy  of  alpha  particle 985 

velocity  of  alpha  particle 985 

X,  decay  and  recovery  law 972 

definition ^^  .  972 
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Valves,  life 1632 

scrap  value 1632 

Ventilation,  air  cleaning 18,  63.  1732 

axial 66 

investigation 66 

circumferential  method,  disadvantages 41 

generators,  turbo 11 

air  passages,  design 62 

air-eap  method,  difficulties 13 

axisu 66 

blower 17 

circumferential  method 13 

disadvantage  41 

mine,  adjustable  speed  fan 1075 

power  requirements 1073,  1087,  1124 

underground  substation 1704 

Voltmeters,  commercial  accuracy 634 

corona  (also  See   Corona  voltmeter) 831 

difficulties 1818 

electrostatic,  for  high  tension  e.m.f 740 

sphere  gaps  (see  Spafk  gaps,  spheres) 

Vortex-atom  hypothesis 999 

Wages,  assistant  switchboard  operator 1864 

boiler  cleaner 1863 

repairer 1863 

chief  engineer 1863 

operator 1864 

clerk , 1863 

dynamo  cleaners ' 1864 

tenders 1864 

firemen 1863 

load  dispatchers 1864 

machinist 1863 

helper 1863 

meter  testers 1864 

oilers 1863 

switchboard  operators 1864 

turbine  operators 1863 

watch  engineers 1863 

water  tenders 1863 

wipers 1863 

Water,  conductivity,  heat 304 

resistivity,  heat 304 

vapor,  effect  on  tungsten  lamp  performance 1923 

Wattmeters,  commercial  accuracy 633 

Waves,  electric,  iterative  impedance,  definition 1336 

propagation  constant,  definition 1337 

over  conductors,  bibliography 1303 

Wave-shape  distortion,  10  per  cent   rule,  criticism 766,  776 

analysis 768 

control 835 

effect  of  capacity 767 

inductance 767 

resistance 767 

on  electrical  apparatus 765 

hysteresis  loss 837 

generators,  a-c.  compared  with    synchron- 
ous converters 772 

limitations 842 

measurement 832,  845 

apparatus 779 

ratio,  definition 777 

derivation 781 
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Wave-shape  distortion  (cotUinueij 

sources 839.  840 

specification 778 

standardization 834 

recommendations 780 

sifting  out  harmonics,  method 1791 

standardization,  recommendations 775 

various  apparatus  (See  name  of  Apparatus) 

Windings,  short-circuit,  safe  temperature,  I.  £.  C.  rules 2163 

Wire,  copper,  cost 1864 

enamelled,  safe  temperature,  I.  E  C.  rules 2163 

rubber-covered,  corona 1807 

trolley,  cost 1865 

Wiring  diagram,  converter  substation 1962,  1970 

substations,  automatic 1691 

transformer  substation 1959,  1965 

motor  cars 2034 

double-wire  vs.  single-wire 2058 

problem 2071 

single-wire,  objections 2070 

Wood,  white  pine,  conductivity,  heat .  • 304 

resistivity,  heat 304 

Woolen  wadding,  conductivity,  heat 304 

resistivity,  heat 304 

Y.  M.  C.  A.,  Philadelphia,  evening  classes 1426 

Zeeman  effect 1008 
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